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Abstract  
Global warming, climate change, rising fuel prices and sustainable future 
environment are the main motivations behind this research project. For sustainable future 
development, entire world has to reduce the green house gas emissions by reducing the 
use of fossil fuels and relying more on renewable energy sources to support the present 
and future energy demands. Hydropower is a very good example of renewable energy 
and it is the most reliable base-load energy source. There is huge untapped technically 
exploitable hydro energy potential of about 14,000TWh (Taylor, 2004, Sommers, 2004) 
waiting to be utilised throughout the world. There are few small to medium scale low 
head hydro turbines commercially available, but they are very expensive for micro power 
generation at individual level. Therefore, there is an inherent need of a simple low cost 
and low head hydro turbine that can encourage use of hydropower available in abundant 
from creeks, small rivers, streams etc. at an individual level.  
The aim of the research presented in this thesis is to develop low cost and high 
performance simple reaction water turbine for electricity production from low head hydro 
sources. In this thesis, two new innovative designs of simple reaction water turbine are 
presented and the performance characteristics of their prototypes are investigated 
experimentally and graphically presented. The theoretical analysis of the simple reaction 
turbine presented in this thesis highlights the potentials and intrinsic characteristics of 
simple reaction turbine. The governing equations for ideal situation without losses and 
practical situation with losses are presented in this thesis. The theoretical analysis 
predicts the centrifugal pumping effect that allows additional mass of water to flow 
through the turbine as it starts to rotate faster. Further, the theoretical model for optimum 
turbine diameter is presented followed by the theoretical analysis of jet-interference 
phenomenon.  
This thesis explains the systematic procedure of manufacturing turbine rotors for 
both the innovative new designs. Rotary seal arrangements used in the testing of these 
turbine prototypes are presented with figures and details of suppliers are attached in the 
appendix. Thesis further illustrates the experimental test rig and its instrumentation used 
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for testing the prototypes of the new turbine designs. Experimental procedures are 
explained with illustrative pictures of test rig and its instrumentation.  
The experimental investigation presented in the thesis shows the centrifugal 
pumping effect through the additional flow rate measured as the turbine speed increases. 
The fluid frictional power loss characteristics of simple reaction turbine are 
experimentally estimated for stationary and rotary conditions and presented as k-factor in 
this thesis. Additionally the increase in k-factor with increase in the relative velocity of 
the water leaving the turbine nozzles is also shown in this thesis. Estimated turbine drag 
characteristics for both the new turbine designs are also presented. The performance 
characteristics like turbine power output, electrical power output, turbine efficiency and 
overall efficiency verses rotational speed for different supply pressures (supply heads) is 
also presented with examples and illustrative discussion for all new turbine designs. 
A case study of the potential low head hydro site in Victoria, Australia is 
presented with detail turbine sizing and water intake system for small creek using natural 
stone weir. Simple costing of the entire low head micro hydroelectric installation is 
presented towards the end of this thesis.  
In the conclusion of this research, an optimised low cost and high performance 
simple reaction turbine design has been developed and presented to be used for electricity 
production from low head hydro sources. 
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Chapter 1 Introduction and Literature Review 
1.1 Motivation and Introduction 
With the growing understanding of global warming and climate change, it has 
been acknowledged that traditional dependence on fossil fuel extracts a heavy cost from 
the environment. Consequently, the benefits from the use of renewable energy have been 
recognized. At the same time the rapid economic growth of the developing economies 
such as China, India, Brazil, Vietnam, and Philippines has increased the world energy 
consumption to record levels (Conti, 2008). The electricity demand is expected to 
increase at faster rates than the overall energy supply (Taylor, 2004, Conti, 2008). At 
present majority of electricity is produced from thermal power plants which use coal, gas 
or oil as the energy source (Sternberg, 2008). There are growing global concerns about 
the global warming caused by carbon dioxide emissions from the use of fossil fuels, 
which creates a question about the long-term use of this energy resource. The last decade 
has shown catastrophic effects of rapid climate change caused by global warming and a 
consequence increase in awareness about the importance of a sustainable environment. 
The role of renewable energy in tomorrow’s world is of great significance for the global 
environmental stability. Sun, wind and flowing or stored hydro (water) are considered to 
be the most common renewable energy sources for power generation. Out of these three 
renewable energy resources, the advantage of hydro energy is that it can continuously 
supply energy and can serve as a base power. The annual global hydropower production 
is very small as compared to the global power consumption. However the technically 
exploitable hydro power potential available throughout the world is far more than is 
actually been used as illustrated by the data from Sterngerg, Kaygusz and Taylor 
(Sternberg, 2008, Taylor, 2004, Kaygusuz, 2004).  
World Hydropower scenario (Sommers, 2004, Taylor, 2004) 
• Technically exploitable potential 14000 TWh/year 
• Economically exploitable potential 8000 TWh/year 
• Present hydro power generation 2800 TWh/year 
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• World electricity production 18580 TWh/year 
Table 1.1 Regional hydropower generation and technically exploitable potential (Taylor, 
2004, Sommers, 2004) 
Regions 
Present hydropower generation  
TWh/yr 
Technically exploitable potential 
TWh/yr 
North America 675 2873 
South America 596 2880 
Europe 727 2741 
Asia 754 5174 
Australia 17 >30 
New Zealand 23 37 
Looking at the above estimates it is clear that there is a large potential of 
hydropower waiting to be exploited. Further there is a large gap between technically 
exploitable and economically exploitable potential (Khennas, 2000, Khan, 2008) which 
creates a need for further research in hydropower technology to make it more economic 
and help to reduce this gap. To date most of the large hydropower sites have been 
exploited (Bartle, 2002, Jeffs, 1979). However, most of the small and micro hydro sites 
are yet to be exploited. 
Thus keeping in mind that the world currently is still heavily dependent on non-
renewable energy sources (fossil fuels) such as coal, oil and natural gases, which are 
rapidly diminishing and becoming increasingly more expensive, the role of renewable 
energy has been recognized to be significantly important in sustainable future 
development. Hydropower is a good example of renewable energy; its present use and 
potential application to future power generation cannot be underestimated. 
The use of moving water to drive machinery traditionally began with undershot 
and overshot water wheels before evolving to water turbines (Akbarzadeh, 2001). A 
water turbine gains its energy through the flow of water from a specific head. There are 
two types of turbine, denoted as impulse and reaction. An impulse turbine consists of a 
rotor mounted on a shaft free to rotate on a set of bearings. The outer rims of the rotor 
carries a set of curve blades, a jet of fluid issuing from a nozzle impinges on the blades of 
the rotor. The change in momentum of the fluid when the fluid hits the blades causing the 
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wheel to turn is defined as an impulse force (Daugherty, 1954). The process described 
converts the kinetic energy from the fluid to mechanical work in the shaft producing 
power in the process. Generally, impulse turbines are restricted to low volume high heads 
applications with low specific speeds. The specific speed of a turbine is defined as the 
speed of an ideal, geometrically similar turbine, which yields one unit of power when 
supplied with one unit of head. In contrast, special designs such as the turgo or cross flow 
turbines are examples of relatively high specific speed impulse units.  
In reaction turbines, the fluid fills all the runner passages completely where the 
impeller is located, and any head change or pressure drop will occur in the impeller 
(Daugherty, 1954). The flow shows opposite characteristics to a pump; entering a passage 
at the larger end and exiting from a smaller gap after releasing all the energy converted 
through the drop of pressure in the rotating wheel (White, 1986). Barker’s Mill was one 
of the earlier pioneers to outward-flow reaction turbine. Here the fluid enters the center of 
the rotor via an inlet at the top. A reaction force is created when the fluid exits the nozzle 
tangentially causing a movement in reverse direction and making the rotor rotate about a 
defined axis where the rotation mechanism can produce power (Daugherty, 1954).  
 
Figure 1.1 Barker’s Mill (Shepherd, 1956) 
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Since early development of simple reaction water turbine (Barker’s mill), better 
and more efficient turbines such as Francis, Fourneyron and Thomson have been 
invented. However, while subsequent years have seen modifications to increase the 
efficiency of the Barker’s mill turbine design, it is still deemed to be obsolete and not 
economically viable to be used any more (Duncan, 1970). However, Akbarzadeh et. al. 
(Akbarzadeh, 2001), have contested that view, believing that a simple reaction turbine 
design similar to Barker’s water turbine is to some extent misunderstood, underutilized 
and almost forgotten other than for garden sprinklers. In past 8 years Akbarzadeh and 
some final year undergraduate students have investigated a few simple reaction turbine 
designs at RMIT (Webb, 1999, Quek, 2001, Quek, 2003). As improvements have been 
recorded, predicted losses have also been identified. Following the previous research 
done at RMIT (Webb, 1999, Quek, 2001, Quek, 2003, Akbarzadeh, 2001), here efforts 
are made to further improve the simple reaction water turbine design for manufacturing 
simplicity and improved performance. This research thesis investigates two new 
innovative designs of simple reaction water turbine in detail and finds out the best 
innovative design of them for manufacturing simplicity and improved performance.  
1.2 Aim 
The aim of this project is to develop a low cost and high performance simple 
reaction water turbine for producing electrical power from very low head water resources 
(head range 0.5m to 5m, equivalent to 5kPa to 50kPa).  
The aim can be broken down into following task-oriented objectives:  
• Conduct literature review to better understand the current developments. 
• Further, enhance the theoretical analysis of simple reaction water turbine 
following the current body of knowledge. 
• Develop theoretical model to predict jet-interference phenomenon and 
conceptualise ways to utilize it for speed governing.  
• Build a new innovative simple reaction water turbine prototype with 
manufacturing simplicity. 
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• Selection of suitable rotary seal arrangement to prevent inlet water leak loss 
• Investigate the performance characteristics of simple reaction water turbine 
designs developed in previous step. 
•  Improve the turbine performance making suitable modifications in the 
developed turbine designs. 
• Identify potential low head hydropower sites in Victoria, Australia through an 
online survey and conduct a case study for one of these sites for the technical 
and economic feasibility. 
1.3 Methodology 
To achieve the above stated objectives literature review of past journal papers and 
undergraduate theses on the investigation of simple reaction turbine were conducted. 
Further an enhanced computer model of simple reaction water turbine was developed for 
optimum turbine sizing for a given head and speed. This computer model can also predict 
the jet-interference speed. Conceptual design has been proposed to utilize the jet-
interference for self-governing the simple reaction turbine to prevent the runaway under 
no-load condition. Further, the literature review gave better understanding of previous 
simple reaction turbine designs and their limitations in regards to fulfill the objectives of 
the present research project. Keeping in mind the objective of developing a turbine design 
with manufacturing simplicity and knowing the limitations of the previous turbine 
designs new innovative simple reaction turbine prototypes were developed and 
manufactured. Several different rotary sealing arrangements were studied and the two 
most suitable options were tested along with the new innovative turbine prototypes for 
performance. Following the initial performance investigations, attempts were made to 
improve the turbine performance by minor or major design modification. Finally, the 
modified designs were tested for improved performance and characterised. Readers’ 
response survey was conducted with a questionnaire published in an environmental 
magazine circulated in Melbourne, Australia. Reader’s responses to the questionnaire 
were analysed and some site visits were conducted for potential hydro site data 
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verification. A case study of a potential low head hydro site in Taggerty, Victoria, 
Australia was completed and included in this thesis.  
1.4 Literature review and background  
For thousands of years man has been developing new ways of extracting and 
converting energy from water. Around 2000 years ago a mathematician from Alexandria, 
Greece named Hero developed the first reaction turbine called “aeolipile” driven by 
steam, which worked on a basic reaction principle or Newton’s third law of motion as 
known to us at present. Jet propulsion is another practical application of Newton’s third 
law of motion (for every action, there is an equal and opposite reaction). This is a method 
of propulsion that uses the reaction produced by the acceleration of a fluid through an 
orifice or nozzle to move an object forward. This is, in itself, nothing new or 
revolutionary. Mother Nature has some amazing creatures, which use this principle for 
their day-to-day activities; one example of this is the squid, which propels itself through 
the water by a type of jet propulsion. It takes water into its body, and then, using its 
muscles, adds energy to the water and expels it in the form of a jet to force itself forward 
through the water.  
Man has tried developing mechanical machines working on this reaction principle 
for centuries, but it is only in the last two centuries that successful applications for power 
generation and aerospace technology were developed. These developments in the 
technology came with two working principles for water turbines i.e. impulse and reaction 
principle (Daugherty, 1954, Duncan, 1970). Most of the conventional and modern day 
hydro turbines work on impulse or a combination of reaction and impulse principle. The 
turbine that was based on pure reaction principle was forgotten for a long time and was 
considered obsolete. In late 17th century Barker an English engineer reinvented and 
modified the Hero’s turbine design to work with potential energy of water stored in dam 
or reservoir, which is called as Barker’s mill (Daugherty, 1954, Duncan, 1970). Since 
then various inventors have developed new water turbines, which can produce large 
amount of energy, at different water heads, at high efficiencies. As said the water turbine 
are classified into two main categories according to their working principles, Impulse and 
Reaction.  
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1.4.1 Impulse Turbine 
An impulse turbine consists of a rotor mounted on a shaft free to rotate on a set of 
bearings. The outer rims of the rotor carries a set of curve blades, a jet of fluid issuing 
from a nozzle impinges on the blades of the rotor. The change in momentum of the fluid 
when the fluid hits the blades causing the wheel to turn is defined as an impulse force 
(Daugherty, 1954). The process described converts the kinetic energy from the fluid to 
mechanical work in the shaft producing power in the process. The Pelton wheel is a good 
illustration of the above as shown below. 
 
Figure 1.2 Pelton wheel (Ref: Water Wheel Factory, 2009, http://www.waterwheelfactory.com/Pelton.htm) 
Generally, impulse turbines are restricted to low volume high heads applications 
with low specific speeds. As said earlier the specific speed of a turbine is defined as the 
speed of an ideal, geometrically similar turbine, which yields unit power while supplied 
with unit head. In contrast, special designs such as the Turgo or crossflow turbines are 
examples of relatively high specific speed impulse units. 
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1.4.2 Reaction turbines 
In reaction turbines, the fluid fills all the runner passages completely where the 
impeller is located, and any head change or pressure drop will occur in the impeller 
(Daugherty, 1954). The flow shows opposite characteristics to a pump; entering into the 
larger end of a passage and exiting from a smaller gap after releasing all the energy 
converted through the drop of pressure in the rotating wheel (White, 1986). Barker was 
one of the earlier pioneers of the outward-flow reaction turbine. In the Barker’s mill, the 
fluid enters the center of the rotor via an inlet at the top. A reaction force is created when 
the fluid exits the nozzle tangentially causing a movement in reverse direction and 
making rotor to rotate in a defined axis where the rotation mechanism can produce power 
(Daugherty, 1954). The characteristics mentioned above are widely used nowadays as a 
garden sprinkler. 
 
Figure 1.3 Principle of Barker’s Mill (Wilson, 1974) 
One of the first well-designed in-ward flow pure reaction turbines was built in 
1949 by the hydraulic engineer James B. Francis as shown in Figure 1.4. Consequently, 
all in-ward flow turbines are now known as Francis turbines. A recent innovation has 
been the improvement on the runner, which resulted in a mixed-flow turbine, still termed 
a Francis turbine. In this runner, the flow lines have both radial and axial components. A 
pure axial flow turbine can be called as propeller type or Kaplan turbine as shown in 
Figure 1.5. The blades of the Kaplan can be adjusted or fixed for appropriate loads 
(Daugherty, 1954). Francis turbines have adjustable vanes (wicket gates) so as to reduce 
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exit velocity and create less vibration and bustle. The Kaplan turbine while slightly 
different in some aspects also has adjustable blades, which can be adjusted even during 
operation of the machine through gearing (Duncan, 1970). Even though it is more 
complex than the Francis Turbine, it is known to be more efficient for part loading at low 
power settings. 
 
Figure 1.4 Francis Turbine (Harvey, 2005) 
 
Figure 1.5 Kaplan Turbine (Harvey, 2005) 
1.4.3 Comparison of impulse and reaction turbine applicability to high and 
low head 
The reaction turbine utilizes the pressure (head) of the supply water to produce 
mechanical energy. The water pressure decreases as it moves through the turbine, while 
producing mechanical energy. This means a reaction turbine utilises hydrostatic head for 
energy conversation. This characteristic of the reaction turbine makes it suitable for a 
wide range of heads from very low to medium.  
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The impulse turbine utilizes the kinetic energy contained in the water jet that hits 
the turbine blades to produce mechanical energy. The velocity of the water jet is directly 
proportional change to the water pressure (head). At low head the jet velocity is also low, 
this means the turbine will not rotate at high speed. The impulse turbine uses the dynamic 
water head for producing mechanical power. This makes the impulse turbine more 
suitable for high head applications.  
1.4.4 Simple reaction water turbine: Barker’s Mill turbine 
The earliest ever historically recorded outward-flow turbine is said to be 
discovered almost 2000 years ago during the first century AD by Hero of Alexandria 
(Shepherd, 1956). As shown in Figure 1.6 Hero’s turbine consists of a hollow metal 
sphere with nozzles pointing in opposite direction tangentially to the sphere along the 
same axis. A sealed boiler generates the steam with two tubes connected to both the 
sphere and the boiler. This will cause the steam to flow into the sphere and coming out of 
the nozzle therefore resulting in a rotation of the. While the turbine didn't produce power, 
he demonstrated that steam power could be used to operate machinery. An illustration is 
shown below. 
 
Figure 1.6 Hero’s turbine (Shepherd, 1956) 
The simple reaction turbine was reinvented by Dr Robert Barker around 1740 and 
is termed Barker’s Mill. The characteristics were similar to Hero’s except that the source 
was water instead of steam. The early design as shown in Figure 1.3 shows the entry of 
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source of energy came from a tube fed into the top of the turbine causing the rotor to 
rotate (Wilson, 1974). Further improvements were made by M 1’Abbe’ Pupil around 
1775, which modified the entry point of the fluid switching from top to bottom entry. 
Unlike the earlier design when all the loads have to bear by the thrust bearings supporting 
the moving parts, this innovation resulted in the load of the head being in the opposite 
direction to the load of moving parts of the turbine as the rising pressure from below 
counters this load thus acting like a cushion (see Figure 1.7). 
 
Figure 1.7 Pupil’s Turbine (Wilson, 1974) 
In 1832 James Whiteland suggested some improvements to Barker’s mill 
(Whiteland, 1832). By 1839, James Whitlaw invented the “Scotch Mill” which also had 
relatively similar characteristics to the Barker’s mill with the exception of the nozzle arm. 
Whitlaw redesigned the arm making it curve, therefore creating a higher exit velocity, 
believing that it increases the efficiency of the turbine (Wilson, 1974).  
 
Figure 1.8 Whitlaw’s Mill (Wilson, 1974) 
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Since then, better and more efficient turbines such as Francis, Fourneyron and 
Thomson have been invented. In present times, Barker’s mill is deemed to be obsolete 
and not economically viable to be used any more (Duncan, 1970). 
Most recently Akbarzadeh reviewed this obsolete Hero’s turbine design in his 
paper name parametric analysis of the simple reaction water turbine (Akbarzadeh, 2001), 
this analysis showed that to large extent the simple reaction water turbine is 
misunderstood. In his paper Akbarzadeh have identified major geometrical and 
operational parameters and has developed governing equation for the ideal case of zero 
friction loss using principles of conservation of mass, momentum and energy. Further, 
these governing equations are expressed in a non-dimensional form. It is shown that the 
maximum torque produced by the machine is for the case when the turbine is stationary. 
At this point, the net output power is zero. As the load torque is decreased, the turbine 
starts rotating and power is produced. Furthermore, due to a centrifugal pumping effect, 
the mass flow rate of water through the turbine increases during acceleration. Further 
decrease in the load torque is accompanied by increase in speed, output power, water 
mass flow rate and efficiency. It is shown that when the load torque is reduced towards 
half the value of the torque at the stationary condition, then water mass flow rate, speed 
and output power approach infinity for an ideal no-frictional loss case. Under this 
condition the efficiency of the machine approaches unity (Akbarzadeh, 2001). Two 
simple reaction turbine models were built by Akbarzadeh and some undergraduate 
students for final year project (Quek, 2001, Quek, 2003, Webb, 1999). These turbine 
rotors had water passage grove machined in a solid metal disk using a CNC machining 
process, Figure 1.9 shows a rotor with 400mm diameter and total exit nozzle area of 
0.0003125m² tested by Quek (Quek, 2003). The rotor design used in previous research 
investigations is very expensive and complicated to manufacture, it requires very high 
skills and specialised machinery. The experimental investigations of these turbine models 
conducted by Quek and Akbarzadeh (Quek, 2003) revealed a low turbine efficiency of 
about 45% at head of about 10m to 25m. The expensive machining and the low efficiency 
showed that these current simple reaction turbine designs need to be made more efficient 
and cheaper if they are to be economic for use in low head micro-hydro application.  
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Figure 1.9  Bottom disk of simple reaction turbine with machined water passage grove 
(Quek, 2003) 
1.4.5 Commercially available low head hydro machines 
There are several turbine manufacturers who supply hydroelectric units for 
electricity generation from low head hydro sources. Most of the low head micro 
hydroelectric units available use impulse type turbines for energy conversion. From the 
early literature review it is clear that impulse turbine are suitable for high head small flow 
applications and their energy conversion efficiency drops drastically at low to very low 
head operation (Harvey, 2005, Waddell, 1999). Due to low cost impulse turbines like 
Pelton, Cross flow and Turgo are often used even at low to very low head sites. Pelton 
and Turgo turbine cannot be used when the available head is less then 3m, in this case a 
Cross flow turbine can convert that low head hydro energy within efficiency of about 
60% (Harvey, 2005). As stated in micro-hydro design manual (Harvey, 2005) the unit 
cost of 2kW cross flow turbine turbines excluding alternator and drive is about US$1000-
US$2000, this cost is low as compared to any other commercially available turbines, see 
Table 1.2. 
Table 1.2 Table of cost of different turbines (Harvey, 2005)  
Cost of turbines in units of US $1000 excluding alternator and drive 
Shaft power 
kW 
Crossflow Francis Single-jet 
Pelton 
Multi-jet 
Pelton 
Turgo Propeller 
2 1 – 2 4 – 6 1 – 4 1 – 3 2 – 4 4 – 6 
5 2 – 6 8 – 10 2 – 8 2 – 6 5 – 8 8 – 10 
10 2 – 10 15 – 20 2 – 15 2 – 10 8 – 14 15 – 20 
20 3 – 14 20 – 30 3 – 20 3 – 15 12 – 20 20 – 30 
50 5 – 30 25 – 70 5 – 50 5 – 30 35 – 50 25 – 70 
100 30 – 50 40 – 100 40 – 80 15 – 60 55 – 80 40 – 100 
150 50 – 80 60 – 120 60 – 100 30 – 80 80 – 100 60 – 120 
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1.4.6 Savonius wind turbine  
Savonius wind turbines are vertical-axis type wind turbine used for converting the 
power of the wind into mechanical power then to electrical using electric generator. This 
turbine was invented by the Finnish engineer Sigurd J. Savonius in 1922 (Oakey, 1993, 
Hau, 2006). Savonius turbines are one of the simplest wind turbines ever designed. 
Aerodynamically, they are drag type machines in which the differential drag causes the 
Savonius turbine to spin. Because they are drag-type devices, Savonius turbines extract 
much less of the wind's power than other similarly sized lift-type turbines. However, they 
are of extremely simple and cheap construction. As shown in Figure 1.10 when seen from 
top a two scoop Savonius turbine will look like "S" shape in cross section.  
 
Figure 1.10 Schematic drawing of a two-scoop Savonius wind turbine (Oakey, 1993) 
Some times these turbines are made by splitting oil barrels and offsetting them to 
create the scoops as shown in Figure 1.11. Savonius turbines design has been a 
motivation and influence for one of the simple reaction water turbine designs in this 
research.  
 
Figure 1.11 Savonius wind turbine made from oil barrels 
(http://www.worldofenergy.com.au/factsheet_wind/07_fact_wind_types.html) 
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1.5 Organisation of dissertation  
The reminder of this dissertation is organised as follows, Chapter 2 introduces a 
complete study of simple reaction water turbine models; both ideal without fluid friction 
and practical with fluid friction. Non-dimensional analysis of the simple reaction water 
turbine governing equations is presented. A jet-interference model is presented with a 
concept design of a self-governing mechanism. Chapter 3 describes the design, 
manufacture and costing of the turbine prototypes. Chapter 4 presents the turbine test set-
up with its instrumentation and experimental procedure used for prototype testing. 
Chapter 5 discusses the performance characteristics of turbine prototypes build and tested 
in this research. Chapter 6 presents case study for one of the surveyed potential site for 
installation of a micro-hydro power system in Victoria, Australia. Finally, Chapter 7 
concludes the complete work highlighting the main contributions and future work 
required in this research.   
1.6 Publications  
1. Date A, Akbarzadeh A., 2005, ‘Design Analysis and Investigation of a low head 
simple reaction water turbine’, 43rd ANZSES conference, Dunedin, New 
Zealand. 
2. Date A, Akbarzadeh A., 2007, ‘Design and cost analysis of low head simple 
reaction hydro turbine for remote area power supply’, International Conference on 
Renewable Energy for Sustainable Development in the Asia Pacific Region: 
WREN, Perth, Australia. 
3. Date A, Akbarzadeh A., 2009, ‘Design and cost analysis of low head simple 
reaction hydro turbine for remote area power supply’, Renewable Energy, 34(2): 
p. 409-415. 
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Chapter 2 Theoretical analysis of simple 
reaction water turbine   
 
2.1 Introduction 
In this chapter, the simple reaction water turbine is analysed further following the 
current body of knowledge. For any hydro machine with even a smallest degree of 
reaction, the rotor must enclose the water in order to prevent the water from free 
expansion. A lawn-sprinkler is shown here as a simple reaction turbine in Figure 2.1, 
where water enters the rotor axially under high pressure or high head and leaves the rotor 
tangentially with high velocity with respect to the rotor. This type of simple reaction 
turbine utilises the static head available in the water and converts it to dynamic head 
within the converging nozzles, which are an integral part of the rotor. The change of 
momentum of the fluid in the nozzle gives rise to a reaction force which causes the rotor 
to rotate (Shepherd, 1956).  
In an impulse turbine, the reaction force is experienced by the stationary nozzle, 
which converts the static head to dynamic head. The current body of knowledge on the 
analysis of a simple reaction turbine is not sufficient for any conclusive account of the 
performance of a simple reaction turbine; further analysis is required to successfully 
demonstrate the performance.  
 
Figure 2.1 Lawn Sprinkler (Simple reaction turbine) 
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2.2 Analysis of a simple reaction water turbine for ideal 
situation 
Following the work done by A. Akbarzadeh (Akbarzadeh, 2001) on parametric 
analysis of simple reaction water turbine, here attempts are made to provide governing 
equations for prediction of the performance of a simple reaction water turbine. These 
equations are then used for turbine design and performance analysis under specific 
conditions in the following chapters. 
Let us assume that a total head of H (m) is available in a water reservoir and the 
aim is to convert the potential energy of water to useful work by the means of a simple 
reaction turbine as shown in Figure 2.2.  
 
Figure 2.2 Velocity diagram of multiple exits simple reaction turbine rotor 
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Assume that losses related to flow of water from source, piping, rotor and nozzle 
are neglected. Mechanical losses such as windage losses due to rotation of the rotor and 
frictional losses in the bearings are also disregarded (Akbarzadeh, 2001, Date, 2005). The 
appropriate equations have been derived as follows,  
Referring to Figure 2.2 and assuming water to be incompressible, we then have 
ωRU =
  
2.1 
 
UVV ra −=
  
2.2 
 Here, U  is the tangential velocity of the turbine in m/s, aV  is the absolute 
velocity of the water leaving the nozzle with respect to a stationary object in m/s and rV  
is the relative velocity of the water leaving the nozzle with respect to the nozzle in m/s. 
Absolute velocity aV   is the component that determines the torque produced by the 
turbine.  
In case of a simple reaction turbine, there are two components of pressures acting 
that govern the flow of water through the turbine. The main operating head is created due 
to physical difference between the water level in the reservoir and the position of the 
turbine. The secondary head is created due to angular speed of the turbine as discussed by 
A. Akbarzadeh (Akbarzadeh, 2001).  
g
RH c 2
22ω
=
  
2.3 
Here,
cH  is the centrifugal head in meters and is proportional to the angular speed 
of the turbine. Assuming ideal condition where there are no fluid frictional losses, the 
relative kinetic energy would be equal to sum of potential energy and energy due to 
centrifugal head (Akbarzadeh, 2001).  
)(
2
1 2
cr HHgV += ρρ
  
2.4 
So from equation 2.3 & 2.4, we can write the equation for ideal relative velocity 
as: 
222 ωRgHVr +=∴
  
2.5 
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This would be the relative velocity at which water leaves the nozzle in any 
condition stationary or rotary. If the nozzle is stationary the centrifugal head component 
( )22ωR  would be zero as angular speed ω  would be zero, and so relative velocity would 
be proportional to the square root of potential head only.  
The mass flow rate 
•
m  of water flowing through the turbine is given as a product 
of relative velocity of exit jet, the total exit nozzle area A  ( )2m  of the turbine and density 
of water ρ in 3/ mkg . 
AVm rρ=∴
•
  
2.6 
Now substituting equation 2.5 in equation 2.6 we have; 
222 ωρ RgHAm +=∴
•
  
2.7 
From equation 2.7 we can say that when the turbine is stationary, i.e. angular 
speed 0=ω , the mass flow rate of water flowing through the turbine is at its minimum. 
The mass flow rate would increase with the increase in rotational speed of the turbine; 
this is due to the centrifugal pumping effect. This centrifugal pumping effect is 
mentioned qualitatively by J.R. Ainsworth Davis (Ainsworth, 1910). We would call the 
minimum flow value as
•
sm as in (Akbarzadeh, 2001).  
gHAms 2×=
•
ρ
  
2.8 
Figure 2.3 shows the effect of centrifugal pumping on the mass flow rate as a 
function of rotational speeds under different operating heads. (These curves are for a 
turbine with a total exit area of A = 2 x 10-4 m2 and R = 0.125m) 
To estimate the torque T produced by the jets of water leaving the turbine we 
apply conservation of momentum principle which gives, 
RVmT a&=
  
2.9 
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Figure 2.3 Variation of mass flow rate with rotational speed at different water heads 
When the turbine is running free under no-load at its maximum possible rotational 
speed (i.e. when UVr =  and therefore 0=aV  from equations 2.1, 2.2 and 2.5), the torque 
produced by the turbine would be zero. By similar logic the maximum torque is produced 
when the turbine is stationary i.e. when 0=ω and the absolute velocity of the water jet is 
equal to the relative velocity of that water jet, i.e.
ra VV = . Figure 2.4 shows the variation 
of turbine torque T  with respect to the rotational speed for a turbine with mean effective 
radius of mR 125.0=  and the total exit area 24102 mA −×= . Here it can be seen the 
maximum torque RVmT rs **max
•
=  corresponds to the stationary condition zero 
rotational speed. It can also be seen from Figure 2.4 that as the torque is reduced to 
approximately half the torque value at stationary condition the turbine experiences 
runaway speed. By reducing the torque the turbine speed is increases which causes the 
flow rate to increase due to centrifugal pumping. This increase in flow rate further helps 
to increase the speed of the tubine causing the turbine runaway.  
RVmTT rss **max
•
==  2.10 
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Following the discussion on the relation between torque and rotational speed, it’s 
now more convenient to define mechanical power W&  which is measured in Watts. In 
simple words, power can be defined as a product of torque and angular speedω  in 
radians per sec. 
 ωTW =
•
 
2.11 
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Figure 2.4 Variation of torque with rotational speed at different supply heads 
After the power output is defined, an energy balance equation can be written for a 
simple reaction turbine assuming the ideal situation without any losses.  Upon applying 
the conservation of energy principle to this situation, the total rate of potential energy 
gHm
•
 supplied to the turbine at any given rotational speed would be equal to the 
mechanical power output plus the kinetic energy lost as a result of absolute velocity of 
the water jet leaving the turbine 2
2
1
aVm
•
. Therefore, we can write the energy balance 
equation as follows, 
2
2
1
aVmWgHm &&& +=
  
2.12 
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Therefore, mechanical power output W&  can be written as follows, 
2
2
1
aVmgHmW &&& −=
  
2.13 
2
2
1
aVmgHmT && −=∴ ω
  
2.14 
Now the efficiency η of the simple reaction turbine to convert the potential energy 
available in the water from the reservoir to mechanical power can be written as follows, 
gHm
W
&
&
=η
  
2.15 
Following the basic analysis of an ideal simple reaction turbine, here efforts are 
made to do some further analysis on the simple reaction turbine for ideal operating 
conditions. It can be seen from equation 2.5 that as the angular speed ω  of the turbine is 
increased, the relative velocity 
r
V  approaches the nozzle velocityU , hence it can be seen 
from equations 2.1 and 2.2 that the absolute velocity 
aV approaches zero. By 
consideration of equations 2.9 and 2.11 it can be seen that if 
aV  approaches zero the 
torque and power approach zero, for a fixed mass flow rate and such fixed flow rate 
situations are considered for a simple reaction steam turbine in Hsu and Leo (Leo, 1960). 
However, as has been shown in equation 2.7 and Figure 2.3 the centrifugal action is such 
as to make the mass flow rate increase with speed. The combined effect on the torque and 
the power of these two opposing trends of decreasing 
aV  and increasing mass flow rate is 
not apparent, and is explored subsequently in this chapter. Duncan el al (Duncan, 1970) 
states that when relative velocity 
rV  is equal to the velocity of the turbine ωRU =  
i.e. ωRV
r
= , then the power is zero, but do not explore the aforementioned combined 
effect on power of mass flow rate approaching infinity as 
r
V  and ωRU =  approaches 
each other at high speed. Similarly Daugherty (Daugherty, 1954) associates the runaway 
speed condition with zero torque due to the absolute velocity approaching zero without 
considering the opposing trend of mass flow rate approaching infinity. Duncan el al 
(Duncan, 1970) however discusses the tendency towards instability of the outward flow 
turbines. Instability in this context is the characteristic of having a self-enhancing 
runaway tendency if the torque is reduced. By contrast, inward flow turbines such as 
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Thomson and Francis are self governing to some extent in that a speeding up causes a 
build up of centrifugal pressure that tends to reduce the inward mass flow and hence the 
torque. 
In the all the previous equations R, A and H are known geometrical parameters, 
ρ  is the density of water and g is the acceleration due to gravity. Here the solutions of 
the above algebraic equations are offered based on the load torque T. By solving the 
equations from 2.1 to 2.15, the equations relating the seven unknowns (i.e.,U , aV , rV , 
ω , 
•
m , 
•
W  and η ) to known parameters of the system are developed. The solutions are 
offered in a non-dimensional form for ease of presentation and generalization of the 
results. From equation 2.5, 2.8 and 2.10 at 0=ω  we can write the equation for stationary 
torque as follow: (when 0=ω , gHVr 2= ) 
AgHRTs ρ2=
  
2.16 
Now non-dimensional parameters are defined as in (Akbarzadeh, 2001): 
sT
TT =∗
  
2.17 
 
sm
m
m
•
•
•
=∗
  
2.18 
 
gH
V
V aa 2
=∗
  
2.19 
 
gH
V
V rr 2
=∗
  
2.20 
 
gH
UU
2
=∗
  
2.21 
 








=∗
R
gH2
ω
ω
  
2.22 
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)(gHm
WW
s
•
•
•
=∗
  
2.23 
The solutions to the equations 2.1, 2.2, 2.6, 2.9, 2.11, 2.13 and 2.15 can be 
obtained based on equations 2.9 and 2.16 and using the definitions introduced in equation 
2.17 to 2.23. 
Using T∗  as the independent variable enables explicit expressions to be obtained 
for the other non-dimensional variables in equation 2.17 to 2.23. 
1*2 −=∗ TVa
  
2.24 
 
1*2
*
−
=∗
T
TVr
  
2.25 
 
1*2
*1
−
−
=∗
T
TU
  
2.26 
 
1*2
*
−
=∗
•
T
T
m
  
2.27 
 
1*2
*1
−
−
=∗
T
T
ω
  
2.28 
 
1*2
)*1(*2
−
−
=∗
•
T
TTW
  
2.29 
 
)1(2 T∗−=∗η   2.30 
The above equations can provide the complete characteristics of an idealized 
simple frictionless reaction water turbine working at any head.  
The universal characteristics of this turbine are presented graphically in Figure 2.5 
using the dimensionless torque T∗  as the independent variable. Reducing the load torque 
applied to turbine from the stationary to runaway condition corresponds to moving from 
right to left on the horizontal axis. Figure 2.5 shows the graphical representation of 
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parameters
aV∗ , ω∗ ,
•
m* , 
•
W*  and η∗ as a function of non-dimensional torque T∗ . At the 
right hand end of the graph in Figure 2.5 the turbine is stationary and, as already 
discussed the mass flow rate through the turbine is at its least value when the turbine is 
not rotating. At this point to balance the torque from the reaction to the flow of water sm
•
 
through the turbine exit nozzles given by equation 2.8, a load torque equal to the value of 
stationary torque 
sT  given by equation 2.16 needs to be applied. At this point the value of 
non-dimensional torque T∗  defined in equation 2.17 and is equal to one (i.e. 1=∗T ). 
Since the machine is stationary i.e. 0=∗ω , no power is produced i.e. 0* =
•
W  and 
efficiency 0=η . Further aV∗ is at its maximum i.e. 1=∗ aV . 
If the turbine is allowed to rotate by reducing the load torque, the mass flow rate 
would increase due to the centrifugal effect. As the turbine starts to rotate it starts to 
produce power, the efficiency increases and the absolute velocity of the exiting fluid 
decreases. 
 
Figure 2.5 Graphical presentation of parameters
aV∗ , ω∗ , 
•
m* , 
•
W*  and η  as a function 
of T∗  
Apart from efficiency which is linear function of T∗ , the rate of change of the 
other functions ω∗ ,
•
m* ,
•
W*  increase with decrease of T∗ . The rate of change (as evident 
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from equations 2.24 to 2.29 and shown in Figure 2.5) subsequently increases and 
approaches infinity as the T∗  approaches the value of ½ the stationary torque. It can be 
seen that the most efficient case will be when no absolute kinetic energy is left in the 
exiting stream, i.e. 0=∗ aV . In addition, this occurs when 2/1=∗T , i.e. when the load 
torque is reduced to half the torque that was applied to hold the turbine stationary. At this 
point the mass flow rate through the turbine is infinite and the turbine is producing 
infinite power. In reality off course the windage, mechanical frictional losses and the 
fluid frictional losses would prevent the turbine from spinning at infinite angular speed 
and so the turbine would not produce infinite power at unit efficiency.  
As seen from the analysis, the runaway speed of the turbine under consideration 
happens at 2/1=∗T  and not at 0=T . This is contrary to the statements and the 
conclusions made by Daugherty (Daugherty, 1954) who associated the zero torque with 
the infinite speed condition. We can say that ½ < T∗  ≤ 1 and as a 
result AgHRTAgHR ρρ 2≤< . 
The nature of an ideal simple reaction turbine as shown in Figure 2.5 is 
illuminating, which shows how the efficiency increases with increase in angular speed. 
Figure 2.5 further shows how a simple reactions turbine pumps more water through the 
turbine as the angular speeds increases due to centrifugal pumping effect. This centrifugal 
pumping effect significantly increases the power production capacity of this turbine and 
presents an opportunity to develop a compact water turbine for low head hydro-power 
applications with low specific energy. 
2.2.1 Simple reaction turbine and specific speed 
Specific speeds are commonly used as a tool for comparison of the characteristics 
of similar hydraulic machines. Here this tool is applied to simple reaction water turbine, 
by using the formulation provided by Turton (Turton, 1995) for the specific speed of 
turbines, the following relation between specific speed and efficiency of a simple reaction 
turbine has been derived as discussed by Akbarzadeh (Akbarzadeh, 2001). 
( ) 43gH
Q
K s
ω
=
  
2.31 
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Where Q (m3/s) is the volume flow rate of water given by,  
ρ
•
=
mQ
  
2.32 
Using equations 2.8, 2.18, 2.22, 2.27, 2.28 and 2.32 we get, 
( ) 43
4
3
1
2
2
η
ηη
−
−
××=
−
R
AK s
  
2.33 
The effect of geometry on the relation between specific speed and efficiency is 
expressed in terms of
R
A
. However this can be changed to ratio of diameters i.e. 
d
D
 
where RD 2=  and d is the diameter of the nozzle. Defining an equivalent exit nozzle 
diameter 
ed  as, 
Ad e ×Π
=
2
  
2.34 
Using the relation for the equivalent exit nozzle diameter from equation 2.34, we 
can re-write equation 2.33 as follows,  
( ) 43
4
3
1
2
2
η
ηη
−
−
××Π×=
−
D
d
K es
  
2.35 
 
Figure 2.6 Variation of efficiency with specific speed for various diameter ratios 
 28 
It is not possible to present η as a function of sK in an explicit form (Akbarzadeh, 
2001). However, the variation of η as a function of sK is presented for several values of 
diameter ratio.  It is seen in Figure 2.6 that a simple reaction turbine achieves higher 
efficiency for machines of higher diameter ratio 





ed
D
, i.e. for a given diameter D , a 
smaller nozzle exit area will improve efficiency. Since we relate capacity of the turbine to 
the nozzle exit area, we can then say that for the same specific speed and rotor diameter, 
machines of smaller capacities would be more efficient (Inclusion of the frictional effects 
may of course cause such a conclusion to be revised). It can be also seen from Figure 2.6 
that efficiency of a simple reaction turbine improves as the specific speed 
sK  increases. 
Considering the definition of 
sK in equation 2.44 this is equivalent to saying higher 
efficiencies are achieved at high rotational speeds, higher flow rates and lower heads. 
This can be considered as an important conclusion in relation to the characteristics of 
simple reaction water turbine.  
2.3 Analysis of simple reaction water turbine considering losses 
and for practical operating condition  
Now if we consider real operating condition there would be considerable amount 
of energy loss associated with the flow of water through the simple reaction water turbine 
(Date, 2009). Factor that would represent the fluid frictional energy loss associated with 
the fluid flow through the turbine has been introduced and defined in this section.  This 
factor will be called the k-factor throughout this thesis.  
For practical situation, the energy balance equation would be different from that 
in an ideal situation, as there would be some energy lost due to fluid friction mainly at the 
exit nozzles due to the high velocity of exiting water jets. So in this situation the energy 
balance equation 2.12 would be re-written as follows, 
22
2
1
2
1
ra kVmVmWgHm &&&& ++=
  
2.36 
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Here the term 2
2
1
rkVm
•
 represents the fluid frictional power loss associated with 
the flow of water through the turbine exit nozzles, and 2
2
1
aVm
•
 represents the kinetic 
power loss associated with the absolute velocity of the exiting water jet, •W  represent the 
shaft power (mechanical power) produced by the turbine and the ghm
•
 represents the 
input hydro power supplied to the turbine. 
Obviously, there would be a decrease in mechanical power produced if there is an 
increase in fluid frictional power loss i.e. if the k-factor increases, which is clear from the 
following equation, 
22
2
1
2
1
ra kVmVmgHmW &&&& −−=
  
2.37 
On using 2.1, 2.2, 2.5, 2.6, 2.9, 2.11 to solve the equations 2.37, one gets the 
equation for relative velocity in a real situation which is as follows, 
( )
222
1
1
ωRgH
k
Vr +×+
=∴
 
2.38 
In a situation where k-factor of the exit nozzle is known we can use this equation 
2.38 to estimate the relative velocity independent of exit area. 
Further, if we have experimental data from a performance test on a simple 
reaction water turbine, one would be able to use the following equation to estimate the k-
factor of the simple reaction water turbine under test. Equation 2.38 has been re-arranged 
to obtain the following equation. 
12 2
22
−








+
=∴
•
A
m
RgHk
ρ
ω
  
2.39 
Here 
A
mVr ρ
•
=  is estimated from the experimentally measured value of mass flow 
rate or volume flow rate, measured total exit nozzle area and density of water. From the 
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above equations, we can say that if we keep the supply head constant then the k-factor 
will be a function of angular speed and the relative velocity.  
2.3.1 Torque, mass flow and rotational speed characteristics 
Figure 2.7 shows the variation of torque T  and mass flow rate 
•
m  with respect to 
the rotational speed for a turbine with rotor radius mR 125.0= , the total exit 
area 24102 mA −×=  and an assumed k-factor of 0.05. After considering, the fluid 
frictional losses associated with the flow of water through the turbine exit nozzles it can 
be seen from Figure 2.7 that the turbine will not experience runaway condition in real 
operation due to the power loss in the turbine.  
 
Figure 2.7 Variation of torque with rotational speed at different supply heads 
Further, it can also be seen that as the load torque is decreased the angular speed 
of the turbine will increase causing the mass flow rate of water flowing through the 
turbine to increases but will not reach a value close to infinity. The variation of 
•
m with 
rotational speed is almost linear and the effect of supply head on mass flow rate vanishes 
at high rotational speeds. It is also seen that for a practical situation with fluid frictional 
loss the simple reaction turbine will never experience the runaway condition of infinite 
speed.  
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2.3.2 Power characteristics  
The power curves shown in Figure 2.8 are theoretical predictions for a simple 
reaction water turbine with rotor radius of mR 125.0= , total nozzle exit area of 
24102 mA −×=  and an assumed k-factor of 0.05. Figure 2.8 show that for a practical 
situation with losses the power produced by the turbine never reaches infinity. The power 
curves for a simple reaction turbine model can be experimentally estimated by initially 
allowing the simple reaction turbine to rotate at its maximum possible speed under no 
external load and at constant supply head while all the variables are recorded. Then 
gradually increase the load on the turbine in steps and record the variables for each step, 
while the supply head is kept constant. The point of maximum power shifts to higher 
speeds at higher heads.  
 
Figure 2.8 Variation of power with rotational speed at different supply heads 
2.3.3 Effect of fluid friction on turbine efficiency characteristics 
From the analysis of an ideal simple reaction turbine it was previously concluded 
that the faster the turbine runs the more efficient it will be. However, after the efficiency 
analysis of simple reaction turbine with fluid frictional losses is carried out and presented 
as in Figure 2.9 it is seen that the maximum efficiency depends on the value of k-factor. 
 32 
Figure 2.9 shows the predicted efficiency curves for a turbine with a rotor diameter of 
0.12m operating under a constant head of 5m for different values of k-factors. For 
example, it can be seen that with a k-factor of 0.1 the maximum turbine efficiency is 
70%, where as if the k-factor was higher at a value of 0.15 then the efficiency will 
decrease to 65%.   
 
Figure 2.9 Effect of k-factor on turbine efficiency  
2.4 Simple reaction turbine optimum rotor diameters 
Here a new term “Optimum diameter” has been introduced; an optimum diameter 
is defined as the diameter corresponding to the maximum efficiency point for a given 
angular speed at a constant operating head. For a given rotational speed and constant 
operating head there is only one rotor diameter for which the turbine would have highest 
efficiency. Optimum diameter is independent of power; it only depends on head, 
rotational speed and k-factor as can be seen from equation 2.41.  
Following is the derivation for optimum diameter equation. From equations 2.1, 
2.2, 2.9, 2.11, 2.15 and 2.38 we get, 
 33 






+×
+
+−= 222
1
1
ωω
ωη RgH
k
R
gH
R
  
2.40 
Now differentiating equation 2.40 with respect to turbine radius R and equating it 
to zero for maximum efficiency condition 0=
dR
dη
, we get, 
1122 −
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2.41 
Optimum diameter for different rotational speeds at different operating heads 
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Figure 2.10  Optimum turbine diameter v/s rotational speed for various operating heads 
Using equation 2.41 and an assumed k-factor of 0.05 the curves shown in Figure 
2.10 have been estimated for a simple reaction turbine. It is observed that for the constant 
head, optimum turbine diameter decreases with increase in the rotational speed. Initially 
the rate of decrease in optimum turbine diameter is substantially high, but reduces with 
increase in rotational speed and eventually assumes an almost linear variation. It is 
interesting to note that the effect of the head on the optimum turbine diameter diminishes 
at higher speeds. For example, it is observed from Figure 2.10 that a simple reaction 
turbine operating at a constant head of 2m and rotating at 400 rpm has an optimum 
diameter of 0.4m, while at the same rotational speed at higher head of 4m the optimum 
diameter is 0.6m. While at a higher rotational speed such as 800 rpm the optimum 
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diameters for 2m and 4m heads are very close to each other. Similar to this Figure 2.10 
also shows that beyond 800 rpm the variation of optimum diameter with rotational speed 
and head is diminishing for this situation of k-factor as 0.05. It is also very clear from 
Figure 2.10 that for operating head of 5m or less, to achieve rotational speed of 1500 rpm 
to produce electrical power at 50Hz AC using 4 pole AC motor the turbine diameter 
would have to be less than 0.2m. Smaller turbine diameter will limit the nozzle exit area 
and there by limit the power output capacity of such a turbine. Further, the jet 
interference phenomenon also limits the width of the exit nozzle, which has been 
discussed in detail in the following sections. 
2.5 Phenomenon of jet-interference in a simple reaction turbine 
For a simple reaction turbine, there is a certain rotational speed before which there 
is no interference between the turbine and the water jet, which can be called the non-
interference speed. Beyond the non-interference rotational speed, the jet of water exiting 
will hit point C on the turbine as shown in Figure 2.11 and will try to push the turbine in 
the opposite direction to the current rotation, which causes a reduction in net torque 
produced and hence reducing the rotational speed of the turbine (Date, 2009). Therefore, 
the maximum rotational speed that a turbine can reach under a constant head and no load 
condition will decrease if there is any jet interference. This limits the width of the exit 
nozzle thereby limiting the power output capacity of the turbine. 
With reference to Figure 2.11, we have tw +=δ  and
n
Π
=
2β , where δ  represents 
the sum of nozzle exit width (w) and the turbine wall thickness (t), β  is the angle 
between the two consecutive nozzles and n  is the number of nozzles. 
As shown in Figure 2.11 the jet interference will occur when the time required for 
the jet of water exiting from point A to reach point B equals the time required for point C 
on the turbine to reach point B.  To delay this phenomenon the jet of water could be 
directed at an angle θ  to the tangent. However, doing this will reduce the reaction torque 
experienced by the turbine. The equation for the non-interference speed can be derived 
for this condition when time CB’ equals time AB’ as follows,  
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Figure 2.11  Interference of rotor and jet 
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From geometry of the turbine we can write, (detail steps shown in Appendix F) 
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Now from equation 2.1, 2.2, 2.38, 2.43, 2.44 and 2.45 we get, 
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And, 






























+
×−−−×






+


















+
×−++−
=⇒
R
RArcSinR
R
RArcSin
CWhere
θpi
δθpi
θpi
θpi
δθpiβ
2
sin
)(
2
sin
2
sin
2
sin
)(
2
  
2.48 
It can be seen from the equation 2.46, 2.47 and 2.48 that there are number of 
physical parameters that determine the interference speed, for example if the value of β  
is increased the value of non- interference speed would increase and vice-versa. Similar 
to that the smaller the diameter of the turbine and the smaller the width of the exit nozzles 
the higher would be the non-interference speed. 
Figure 2.12 presents the variation of jet-interference with changing exit nozzle 
width for a constant operating head of 2m. It can be seen from Figure 2.12 that the 
optimum rotor diameter at 1000 rpm is about 0.16m and how the exit nozzle width affects 
the jet-interference speed for a simple reaction turbine with a rotor diameter of 0.16m. A 
0.16m diameter rotor with exit nozzle width of 6 mm will experience jet-interference at 
around 1040 rpm that is just above the rotational speed corresponding to the optimum 
diameter curve of 1000 rpm. Similarly, for exit nozzle widths of 8 mm, 10 mm and 12 
mm the simple reaction turbine with a rotor diameter of 0.16m will experience jet-
interference at three different speeds below 1000 rpm. Any point under the optimum 
diameter curve represents occurrence of jet-interference before the turbine can reach the 
maximum efficiency point for 2 m operating head and k-factor as 0.05.  
To increase the power output capacity of a simple reaction turbine for a given 
rotor diameter and operating at a constant head, the nozzle exit area has to be increased. 
Increasing the exit nozzle width w for a constant nozzle length will increase the exit 
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nozzle area; thereby increasing the power output capacity for same diameter simple 
reaction turbine operating under constant hydrostatic head.  
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Figure 2.12 Variation of jet-interference with changing exit nozzle width 
2.5.1 Concept of self governing simple reaction turbine 
The hindrance of jet interference can be utilized to our benefit for preventing the 
run-away of the simple reaction turbine rotor at no-load condition which can some times 
be setback of this type of turbines (Date, 2009). By adding a simple speed damper at the 
ends of the nozzle as shown in Figure 2.13 and by controlling the size of the damper we 
can control the maximum run-away speed at no-load conditions. So as soon as the turbine 
runs at slightly higher speed then desired the jet will hit the dampers and slow down the 
turbine. With a speed damper in place the jet-interference will occur at a lower speed then 
that without a speed damper, this is explained by solving equation 2.43 for both the 
situations of with and without speed dampers. It can be seen from Figure 2.13 that 
21OBC∠  is smaller then 'COB∠  and distance 2AB  is larger then distance AB . Therefore, 
the time required for point 1C  to reach point 2B  will be less then the time required for 
point C  to reach point 'B . So when equation 2.43 is solved to calculate ω  for both the 
situations the interference speed for situation with damper give lower speed value.  
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Figure 2.13 Concept drawing for self governing simple reaction turbine with speed 
dampers 
2.6 Theoretical analysis of drag friction losses on the rotor 
                
Figure 2.14 Velocity diagram to analyse rotor drag 
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Shear stress is defined as force per unit area 
s
d
dA
dF
, surface area of the 
turbine RhAs pi2= . Shear strain is defined as ratio of displacement due to shear stress to 
the transverse L. In solid stress is proportional to strain, but in a fluid having laminar flow 
shear stress is proportional to the rate of change of strain (Sears, 1955). The strain is 
equal to 
L
Uτ
 and its rate of change is 
L
U
L
U
d
d
=
τ
τ
. 
L
U
dA
dF
s
d α  2.49 
Viscosity of air 
airµ  (kg/m.s) is used as proportionality constant.  
L
U
dA
dF
air
s
d µ=  2.50 
Integration of above equation results in following 
saird dAL
UdF ∫∫ = µ  2.51 
saird AL
UF µ=  2.52 
L
hR
F aird
ωpiµ 22
=  2.53 
ωRFW dd =  2.54 
µ
ωρ
µ
ρ LRULRe ==  2.55 
L
R
R e
ρω
µ
=  2.56 
e
d R
hRW
342 ωpiρ
=  2.57 
Assuming coefficient of friction 
eR
f 2= for laminar flow, and substituting in the 
above equation we get, 
hRfWd 34ωpiρ=  2.58 
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The detail derivation of the above equation is discussed in the boundary layer 
theory by (Schlichting, 1955). For turbulent flow ( ) 2.0184.0 −= eRf (Incropera, 2002). 
2.7 Summary 
The analysis of simple reaction turbine for ideal situation revelled that the mass 
flow rate increases as the rotational speed of the turbine is increased. Further it is seen 
that the simple reaction turbine experiences runaway speeds when the load torque is 
reduced to half the maximum torque (i.e. torque at zero rotational speed). It is also seen 
that for ideal situation the simple reaction turbine will have maximum efficiency at half 
the maximum load torque.  
The analysis of simple reaction turbine when considering losses and for practical 
operating condition showed similar mass flow rate and rotational speed characteristics. 
So the flow rate increases with increase in rotational speed. Here a k-factor is introduced 
that represents the fluid frictional energy loss associated with the fluid flow through the 
turbine. Equation to estimate the value of k-factor from experimental data has been 
derived and presented in this chapter. It is seen that if the supply head is kept constant, 
the k-factor depends on angular speed and the relative velocity. Further, it is seen that as 
the load torque is decreased the angular speed of the turbine will increase causing the 
mass flow rate of water flowing through the turbine to increases but will not reach a value 
close to infinity. The variation of 
•
m with rotational speed is almost linear and the effect 
of supply head on mass flow rate vanishes at high rotational speeds. It is also seen that for 
a practical situation with fluid frictional loss the simple reaction turbine will never 
experience the runaway condition of infinite speed. The point of maximum power shifts 
to higher speeds at higher heads. Further in this chapter the equation for optimum turbine 
diameter was derived and presented. Finally the phenomenon of jet-interference is 
discussed and a concept self-governing system is presented that uses the jet-interference 
for useful purpose. 
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Chapter 3 Design, manufacture and costing of 
simple reaction water turbine  
3.1 Introduction  
Following the theoretical analysis of simple reaction turbine conducted in 
previous chapter, here efforts are made to use that analysis to design and configure 
prototypes of simple reaction turbines. This chapter describes two new designs of simple 
reaction water turbines and their manufacturing methods. In case of the simple reaction 
water turbine the water enters into the turbine axially from an intake pipe attached to the 
bottom of the turbine through a rotary seal and exits tangentially through nozzles located 
on the outer periphery of the turbine. This chapter also describes the design for three 
different rotary seal arrangements, which can be used to prevent water leakage at the inlet 
without major frictional losses.  
3.2 Simple reaction turbine  
Here two different simple reaction turbine designs and their manufacture methods 
are proposed, which are later used to manufacture the turbine prototypes in this research. 
Emphasise is given on simple and low cost manufacturing while designing the turbine 
prototypes. The potential application of this turbine is more likely in remote and 
economically poor areas. Consequently the material is that is widely and easily available 
in most remote areas is selected for making a turbine prototype. Standard plumbing pipes 
and fittings of steel or plastic are easily available these days. Further advantages and 
limitations of these designs for potential use in low heads power generation systems are 
also discussed.   
3.2.1 Design 1 - Cross pipe reaction water turbine  
Cross pipe reaction water turbine is built from standard pipe fittings assembled as 
shown in as shown in Figure 3.1. The main component of this turbine is the cross pipe 
fitting which holds the other turbine parts in position, for this reason the turbine is named 
as “Cross Pipe Turbine” (CPT). Here the 90° pipe bends or pipe elbows helps direct the 
 42 
water to leave at tangent to the turbine diameter. At the outer end of the elbow a solid 
stream nozzle is connected directly or through a reduction bush. This solid stream nozzle 
helps to produce a solid jet of water leaving the turbine. A solid stream water jet would 
produce a higher tangential reaction force (torque) then a normal jet.  
 
Figure 3.1 Cross pipe turbine parts  
As shown in Figure 3.2 the CPT prototype is build from a 3” cross pipe at the 
center and the two arms made from 3” male adapter fittings. Each is fitted with 3” to 2” 
reduction elbow to guide the exit water jet in the tangential direction to the rotor 
diameter. Due to the fixed dimensions of the standard 3” pipe cross, the diameter of the 
turbine cannot be reduced below 400 mm even while using shortest possible standard 
pipe fittings. At the end of both the elbows, two solid stream nozzles with exit diameter 
of 15.9 mm (5/8”) are attached through the reduction bush.  
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With this design it is very hard to build the turbine that has small turbine diameter 
and large nozzle exit areas. This is the desired attribute for low head water turbines as 
they have to handle large volume flow rates because of low specific energy available in 
the low head water sources. Further, it was clear from the experiments that a significant 
amount of energy is lost to overcome the air drag created due to the two separate arms of 
this turbine. The cross pipe reaction turbine prototype was tested and was found to be 
inefficient and slow rotating due to large diameter and low head combination. Detail 
turbine characteristics and experimental data analysis has been presented in Chapter 5. 
Due to constraints on turbine diameter presented by the dimensions of the standard pipe 
fittings and the turbine inefficiency, CPT design is not pursued further. 
 
Figure 3.2 Cross pipe reaction turbine made from standard pipe fittings 
 
3.2.2 Design 2 - Split reaction turbine design 
Keeping in mind the main objectives of this research (i.e. low cost and 
manufacturing simplicity) another innovative simple reaction turbine design is developed 
and presented in this section. This new design has very simple geometry, it can be 
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manufactured using a very basic skill set and can be made from locally available 
materials (so low cost). The split reaction turbine can produce power from very low head 
hydro-sites (head range ≥0.3m and flow rate of ≥10 litres per second). This simple 
reaction turbine is named as “Split Reaction Turbine” after its method of manufacturing. 
Figure 3.3 shows the concept drawing of this type of turbine rotor. Water enters the split 
reaction water turbine axially under static pressure from the opening on bottom cover and 
leaves the split reaction turbine tangentially with high velocity from the exit nozzle 
openings located on the outer periphery of the turbine (see Figure 3.3).  
 
Figure 3.3 Split reaction turbine concept drawing 
After the limitations presented by the CPT design, a more flexible turbine design 
was developed which would allow variation of the turbine diameter and exit nozzle area 
independent of each other. The idea of split pipe reaction turbine is influenced by 
“Savonius wind rotor” (Saha and Rajkumar, 2006, Menet, 2004, Oakey, 1993), the 
suggestions by James Whiteland (Whiteland, 1832), and also the need to develop an 
inexpensive low head simple water turbine. As shown in Figure 3.4, the split reaction 
turbine is manufactured using a simple fabrication method of splitting a pipe in two 
halves and attach these two halves to a top and bottom cover, with centers of the halves 
off-set to each other. The turbine exit nozzle width is determined by the center off-set 
distance and the pipe wall thickness. This method of fabricating is thought to be the 
simplest method for manufacturing a simple reaction turbine and hence the name “Split 
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Reaction Turbine”. At several occasions in this thesis SRT is used as an acronym for 
“Split Reaction Turbine”.  
 
Figure 3.4 Steps in Building a Split Reaction Water Turbine 
Figure 3.4 show the steps to build the split reaction turbine, here the piece of pipe 
is split into two halves, then these splits are drilled and tapped on the flat faces to hold the 
screws which would fasten the top and bottom cover to the splits. The top and bottom 
cover plates are made from same material as that of the pipe. The locating holes to attach 
the pipe splits are drilled on both the plates. In addition to this, the top plate will need 
some arrangement to connect the turbine to the electric generator (for example, provision 
to connect a flange coupling), the bottom plate has a hole at the center for the water to 
flow into the turbine and arrangement to connect the inlet port to guide the rotary seal 
which is connected to the stationary intake pipe. 
It is advised to use plastic pipe and plastic cover and use screws to fasten the pipe 
splits and covers because of the following main advantages, 
• Corrosion resistant: Plastic has good anti-corrosive properties 
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• Minimum or no balancing is required due to light weight material, simple 
facrication and ease to maintain symmetry. 
Using steel pipe and steel covers for the turbine and weld them together to build 
the turbine would have following main disadvantages, 
• Steel turbine is likely to rust, and would require some kind of rust proof coating to 
protect it. 
• There might be some distortion in the turbine symmetry due to thermal stresses 
induced during welding and this would require the turbine to be balanced before it 
can be used. 
In remote farming communities’ animal feed trough are readily available, which 
these days are made from split plastic pipes, which could be used to build a split reaction 
turbine. 
3.2.2.1 Building a Split Reaction Turbine 
Split reaction turbine configuration depends upon following factors  
• Available head  
• Available flow rate or desired power output 
• Desired rotational speed (i.e. operating speed of a electric generator) 
As discussed in Chapter 2, for constant head operations the power output from the 
turbine will depend upon the amount of water flow through the turbine, and the amount 
of water that can flow through the turbine depend upon the total exit nozzle area. Further, 
the total exit nozzle area depends upon the number of exit nozzles, the width of each exit 
nozzle and the height of each exit nozzle.  
Example Question: Design a split reaction turbine for operating head of 2.5m and 
for two different flow rates of 35 l/s (≈ 860W potential) and 45 l/s (≈ 1100W potential). 
Assume: k-factor of 0.1, angular speed of 100 rad/s (≈ 955 rpm), number of exit nozzles 
as two and turbine height of 0.15m (which is equal to nozzle height).  
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Solution: From equation 2.41 and the given and assumed data, the optimum 
turbine diameter is calculated to be 0.151m (151mm) for both the flow rates, as the 
optimum turbine diameter only dependents on head and angular speed.  
Relative velocity of the water jet leaving the turbine exit nozzle is calculated as 
9.81 m/s from equation 2.38, this value is same for both the flow rates as it only 
dependents on head, angular speed and k-factor (which are constant). 
The total exit nozzle area for 35 l/s is calculated as 0.00357m² by dividing the 
flow rate (m³/s) by relative jet velocity (m/s). So the exit nozzle width of each nozzle is 
calculated as 0.0119m by dividing the total exit nozzle area by number of nozzles and by 
height of each nozzle. Similarly, the total exit nozzle area for 45 l/s is calculated to be 
0.00459 m² and exit nozzle width of each nozzle as 0.0153m. 
The turbine pipe size and material selection is done from the available standard 
pipe sizes. Here PVC pressure pipe class PN9 with a nominal diameter of 150 mm is 
selected from the Australian Standards AS/NZS 1477:2006 (Australian Standards, 2006). 
The mean outside diameter of this pipe is 160.5 mm and the mean wall thickness is 5.9 
mm, so the inside diameter of the pipe is about 148.7 mm. The turbine built with this pipe 
would have a mean turbine diameter of mmDm 6.1549.55.160 =−=  (here the mm9.5  is 
the wall thickness), which is very close to the calculated optimum diameter (151mm) for 
2.5m head. The mean turbine diameter is the distance between the centers of both the exit 
nozzles as shown in Figure 3.5. This pipe is then cut to 0.15m length and split into two 
halves. Figure 3.5 shows the projections of pipe splits on the cover plate for the purpose 
of assembly. Here it is advised to drill clearance hole at the marked locations for the 
screws on the both the cover plates, where as the screw holes on the pipe splits should be 
tapped. This would help to achieve water tight joints between pipe splits and covers.  
For the turbine with two exit nozzles the relation between the center off-set (x), 
the exit nozzle width (w) and the split pipe wall thickness (t) is given by, 
twx +=  3.1 
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Figure 3.5 Projections of pipe splits over the cover plate 
3.2.2.2 Manufacture of split reaction turbine – Prototype 1 
First split reaction turbine prototype is built from cut piece of the plastic pipe with 
250 mm nominal diameter, which was available at the RMIT University Workshops 
(scrap yard). As the supply head and flow rate could be controlled in laboratory operation 
of this turbine, it was not required to design this prototype for a specific operating head. 
The objective of building this prototype turbine was to do experimental performance 
analysis under different operating heads and estimate parameters like k-factor, power 
output and efficiency. Building of this turbine also confirmed the manufacturing 
simplicity of the SRT design.  
Figure 3.6 shows the measured dimensions of the plastic pipe and the pipe splits 
with the mean wall thickness of 6.5mm. The pipe must be machined and squared to the 
desired turbine height (i.e. equal to the exit nozzle height) before it is split into two 
halves. In this research, the maximum possible turbine height that could accommodate in 
the turbine test rig was estimated to be 120 mm, so the exit nozzle height of the first 
prototype split reaction turbine limited to 120 mm. The pipe is split into two halves (semi 
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circular splits) (Note: use the saw blade with minimum thickness to prevent major loss of 
material on the splits while cutting). While splitting the pipe 1mm material is lost on each 
split.  
 
Figure 3.6 Plastic pipe and pipe splits (All dimensions in mm)  
Once the pipe is split into two halves, in the next step the flat faces of the pipe 
splits are drilled and tapped symmetrically. The objectives of the fastening screws are to 
hold the pipe splits in position and to prevent water leakage from the interface of pipe 
split and the cover plates. The screw holes should be positioned symmetrically on both 
the faces of either pipe split. Figure 3.7 shows the number of holes and their positions 
used to build the split reaction turbine prototype 1. It is recommended to have the first 
screw position as close to the outer edge of the split, which in this case is shown at an 
angle of 10° (see Figure 3.7). The remaining holes there after could be located at a larger 
angular distance and should be positioned symmetrically. The number of screws that 
should be used to assemble the turbine depends upon how square the splits are machined 
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and how flat are the cover plates to which the splits would be fastened (Note: for not very 
flat cover plates use extra screws to achieve leak proof interface). 
 
Figure 3.7 Machining of screw holes on pipe splits (All dimensions in mm) 
Once the pipe splits are ready, the next step is to machine the top and bottom 
cover plates. Figure 3.8 shows the position of the pipe splits on the cover plates with a 
center off-set of 12.5 mm to get a 6 mm exit nozzle width (x = w + t).  The outer 
diameter of the cover plate is machined to be at least equal to the sum of mean turbine 
diameter plus the pipe wall thickness plus the width of one exit nozzle (Dc = Dm + t + w). 
(Note: the mean turbine diameter is the distance between the middle of one exit nozzle to 
the middle of opposite exit nozzle). The cover plates should have clearance holes for the 
screws to fasten the pipe splits, this will help to achieve a leak proof connection interface 
between the pipe split and cover plates. The mechanical power is transmitted to the 
generator using a flange coupling, which is connected to the top cover plate of the 
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turbine. The water enter into the turbine through the inlet port connected to the bottom 
cover plate, inlet port also guides the rotary seal.  
 
Figure 3.8 Split pipe position on the cover plates  (All dimensions in mm) 
Figure 3.9 shows a complete assembly of the split reaction turbine prototype 1 
with two exit nozzles and mean turbine diameter of 243 mm. This prototype has a total 
exit nozzle area of 0.00144m² with two exit nozzles (each 120mm in height and 6mm 
wide). Figure 3.9 also shows the flange coupling attached to the top cover plate and the 
inlet port attached to the bottom cover plate. During the initial trials water leak was 
located at the interface of the pipe splits and the cover plates. Silicon gel was applied at 
the interface from inside and outside to prevent the water leak. This water leak is 
attributed to the poor fastening between the cover plates and pipe splits. The inlet port 
guides the rotary seal, which directs the water into the turbine while prevents leakage at 
the rotary joint. Different rotary seal arrangements that can be used with simple reaction 
water turbine have been discussed in the later part of this chapter.  
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Figure 3.9  Split reaction turbine - Prototype 1 
Table 3.1 shows the cost analysis for SRT prototype 1. The cost of plastic pipe is 
not considered as it was available from the RMIT workshop scrap yard. The retails pipe 
of such pipe is about AU$20. 
Table 3.1 Split pipe turbine – Prototype 1 (can produce upto 1kW) 
All amounts in AU$ 
Item Material 
cost 
Labor hours 
$20 per hour 
Labor 
Cost 
Total 
Plastic pipe OD 250mm x 120mm 
long 
Free  
($20) 
N/A 
 
N/A 
 
N/A 
($20) 
Splitting the plastic pipe - 2hrs  $40 $40 
Plastic discs Ø300mm x 5mm thick 
(Qty 02) 
$20 4 hr $80 $100 
Bolts / Screws (Qty 48) $6 N.A. N.A. $6 
Assembly and balancing N.A. 2 hr $40 $40 
Total $186 
($206) 
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3.2.2.3 Manufacture of split reaction turbine – Prototype 2 
Figure 3.10 shows the pressures pipe coupling and its splits used to build the SRT 
prototype 2. This prototype was build to run at higher rotational speeds under low head, 
this was achieved by reducing the mean turbine diameter.  
 
Figure 3.10 PVC pressure pipe coupling and splits (All dimensions in mm) 
The SRT prototype 2 was build from a PVC pressure pipe coupling class PN18  
(Australian Standards, 2006), which was donated to us by a local plumbing supplier. This 
pressure pipe coupling has an outer diameter of Ø133 mm and wall thickness of 9 mm. 
The turbine height was kept at 120 mm, the same as prototype 1. The mean turbine 
diameter is equal to the product of average pipe diameter and cosine of the jet exit 
angle ( )θineDD Am cos×=  (see Figure 3.11 and Figure 3.13). If the water jet emit tangent 
to the turbine diameter (i.e. jet exit angle is 0°) then ( ) 10cos =ine  and so the mean turbine 
diameter will be equal to the average diameter of the pipe from which the turbine is build 
(where average pipe diameter ( ) 2IDODA DDD += ). In this case, the measured outer 
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diameter and the inner diameter of the pressure pipe coupling are measured as Ø133 mm 
and Ø115 mm respectively, so the average pipe diameter is Ø124 mm. To reduce the 
mean turbine diameter below the average pipe diameter, the splits were machined at the 
edges to allow water to leave at and angle of 10° to the tangent, so the mean turbine 
diameter is Ø122.12 mm. Figure 3.11 shows the splits machined to achieve a jet exit 
angle of 10°.  
 
Figure 3.11 Tapper on splits for jet to exit at an angle 
Figure 3.12 shows the position of screw holes machined on the pipe splits to build 
the split reaction turbine prototype 2. It is recommended to have the first hole as close as 
possible to the outer edge of the split, which in this case is shown at an angle of 7.5°. As 
mentioned earlier, while testing prototype 1 water leakage was observed at the interface 
of the cover plates and pipe splits, so to prevent this happening in the prototype 2 extra 
screws are used to join the pipe splits to the cover plates.   
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Figure 3.12 Machining of screw holes on splits (All dimensions in mm) 
In the next step the top and bottom cover plates are machined to get the desired 
exit nozzle width. Figure 3.13, Figure 3.14, and Figure 3.15 shows three cover plates with 
projection of the pipe splits with three different center offsets to achieve three different 
exit nozzle widths. The exit nozzle widths of 8 mm, 5.3 mm and 4.2 mm were achieved 
with the center offsets of 17.2 mm, 14.5 mm and 13.4 mm respectively.  
Figure 3.13, Figure 3.14, and Figure 3.15 also shows the jet exit angle of 10° and 
the mean turbine diameter. To guide the water jet leaving the turbine in the desired 
direction (i.e. 10° exit angle) an additional center off-set of 6 mm on Z-axis is provided. 
This helped to achieve a 6 mm jet guide on the exit nozzle.  
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Figure 3.13 SRT Prototype 2 – Cover plate 1 with exit nozzle width of 8mm  
(All dimensions in mm) 
 
Figure 3.14 SRT Prototype 2 – Cover plate 2 with exit nozzle width of 5.3mm  
(All dimensions in mm) 
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Figure 3.15 SRT Prototype 2 – Cover plate 3 with exit nozzle width of 4.2mm 
(All dimensions in mm) 
Figure 3.16 shows the complete assembly of SRT prototype 2 with the flange 
coupling attached to the top cover plate and the inlet port connected to the bottom cover 
plate. Figure 3.16 also show the pictures of the pipe splits and the Ø3 mm tapped holes 
along the flat faces of the split for connecting to the top and bottom plate. Figure 3.16 
also shows the actual pictures of top and bottom cover plates. The flange coupling and 
inlet port from SRT prototype 1 are reused in SRT prototype 2. The flange coupling 
transmits the power produced by the turbine to the electric generator. The inlet port 
guides the rotary seal and the water into the turbine.  
By changing the centre off-sets the exit nozzle widths are changed as shown in 
Figure 3.13, Figure 3.14 and Figure 3.15 . There was no water leakage at the interface of 
the splits and the cover plates in SRT prototype 2. Figure 3.16 shows four tapped holes, 
90° apart on the top cover plate to connect the flange coupling. Similarly the inlet port is 
connected to the bottom cover plate with four bolts (see Figure 3.16).  
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Figure 3.16 Split reaction turbine - Prototype 2 
3.3 Inlet Rotary Seal arrangement  
To prevent water leakage from the inlet of the simple reaction turbine a rotary seal 
is connected at the inlet. Proper selection of the rotary seal is very critical for this 
application. Following are the main factors that are considered in the seal selection, 
• Cost and availability: The seal should be inexpensive and easily available. 
• Frictional power loss due to the seal: The seal should have minimum 
frictional power losses.  
• Simplicity: The seal should be simple to install. 
• Durability: The seal should have long life. 
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After considering these factors two rotary seal arrangements are selected for use 
with low head simple reaction turbine, these rotary seal arrangements are V-ring lip seal 
arrangement and mechanical seal arrangement. The V-ring lip seal arrangement is 
inexpensive, has medium frictional power loss, is simple to install and has good life. 
While the mechanical seal arrangement has very low friction, is easy to install and has 
reasonable life, they are expensive to buy. The cost of commercially available mechanical 
rotary seal arrangement with seal diameters above 50mm get too high. So a simple and 
low cost method to manufacture a customised mechanical seal with large diameter has 
been discussed in this section. 
3.3.1 V-ring lip seal 
The V-ring rotary seal arrangement has been shown in the Figure 3.17; here the 
V-ring seal is mounted on the stationary supply pipe with seal support ring holding the 
seal in correct position. The lip of the stationary V-ring seal is pressed against the rotating 
stainless steel seal ring by the pressure of the incoming water. The rotating stainless steel 
seal ring is connected to the inlet port, which rotates with the turbine. This type of rotary 
seal arrangement is very effective against preventing water leakage.  
 
Figure 3.17 V-ring lip seal arrangement 1 
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This method of rotary sealing is tested with both the split reaction turbine 
prototypes. Standard Forsheda V-ring seal (manufactured by Busak&Shamban; Part 
number TWVA00900) with inner seal diameter range of Ø88-93 mm is used with both 
the prototypes. The contact face of stainless steel rotating seal ring is polished to achieve 
minimum friction and wear on the V-ring seal. As per the recommendations by 
Busak&Shamban V-ring seal installation guide (see Figure - E.8 to Figure - E.14, 
Appendix E), for nitrile rubber V-ring seal the opposite contact surface should be 
Stainless steel.  Figure 3.18 shows the V-ring seal arrangement; here the special V-ring 
seal with extra long lip is used. Here the V-ring seal is mounted on the stationary intake 
pipe with a seal support ring to hold the V-ring in position. The lip of the stationary V-
ring seal touches the inner surface of the inlet port. The incoming water pressure pushes 
the extra long lip against the inner face of the rotating inlet port inner. This prevents the 
water leakage. Here the need of additional steel ring connected to the inlet port as that in 
previous V-ring seal arrangement is eliminated. However, this type of sealing 
arrangement is not recommended for heads above 3m, because under higher pressures the 
extra long lip bends and slips into the gap between the inlet port and the V-ring seal, 
which causes high water leakage and high frictional power loss.  
 
Figure 3.18 V-ring lip seal arrangement 2 
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The experimentally estimated frictional power loss for the V-ring lip seal is seen 
to vary with the supply head. As the supply head increases the frictional power loss 
increases. The testing technique used for the estimation of the frictional power loss is 
discussed in Chapter 4 and the power loss test results are presented in Chapter 5.   
3.3.2 Mechanical seal 
The mechanical seal is the surface-to-surface contact rotary seal where the sealing 
is achieved by pressing to polished faces against each other. This type of rotary seal 
arrangement performs excellently at any supply pressure. Usually the stationary surface is 
made from material, which is soft and has very good self-lubricating properties like 
carbon, graphite or nylon. While the rotating surface is made from, wear resistant 
materials like ceramic or stainless steel.  
 
Figure 3.19 Mechanical seal – Contact surface LFX nylon and Stainless Steel  
Figure 3.19 and Figure 3.20 shows the rotary mechanical seal with the SRT 
prototype. The stationary surface of this seal is made from LFX type nylon material, 
which has very good self lubricating properties. The rotating inlet port surface is made 
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from stainless steel. The contact face of the inlet port is polished to reduce the friction. 
The nylon ring is connected to the stationary intake pipe with steel wire reinforced 
flexible hose. The steel wire reinforced flexible hose is connected to the nylon ring and 
intake pipe using cable ties. The testing technique used for the estimation of frictional 
power loss when using the mechanical seal arrangement is discussed in Chapter 4 and the 
power loss test results are presented in Chapter 5.   
 
Figure 3.20 Picture of actual LFX Nylon-Stainless steel seal 
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Chapter 4 Turbine test rig and test procedure 
4.1 Introduction  
This chapter describes the instrumentation of the turbine test rig and the 
experimental procedures used for performance study of all the simple reaction turbine 
prototypes. In the first section of this chapter, the main parts of the turbine test rig are 
described in detail covering the details of instrumentation used in the experimental 
performance analysis of the simple reaction water. The following section of this chapter 
describes the test procedures/techniques used for the experimental analysis of all the 
simple reaction turbine prototypes. 
4.2 Turbine test rig 
Figure 4.1 shows the schematic diagram of the turbine test rig used for the 
performance analysis of the simple reaction turbine prototypes. This test rig is divided 
into two main sections  
• Hydraulic power input unit, which is comprised of water pump, flow 
meter, pressure gauge, delivery pipe, and flow control system. 
• Power output unit comprised the simple reaction water turbine with the 
inlet rotary seal arrangement, the electric generator, the electric load, the 
tachometer and the electric power-measuring device (i.e. voltmeter and 
ammeter).  
Here the water stored in the water tank (tank capacity 0.5m³) is pressurised with 
the water pump and then this pressurised water is supplied to the turbine. After the water 
turbine extracts the mechanical power from the water, it is discharged back into the water 
tank for re-circulation through the systems. The mechanical power produced by the 
turbine is transmitted to the electric generator through the solid flange coupling. Then the 
electric power produced by the generator is dumped into the rheostat or globe bank 
(electric load). The voltage and current are measured with multi-metres, this helps 
estimate the electrical power output.  
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Figure 4.1 Schematic diagram of test rig 
 
Figure 4.2 Picture of the turbine test rig 
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Figure 4.2 shows the picture of the turbine test rig, which is constructed for the 
testing of the simple reaction turbine prototypes. The support frame is constructed from 
rectangular hollow steel bars and is fabricated by Drummond Steel Services, Melbourne, 
Australia. The plastic water tank (Model R340/610) is purchased from Team Systems, 
Melbourne, Australia. Universal Plumbing Company, in Melbourne, Australia, did the 
installation of water pump and flow meter with the supply and delivery pipe plumbing on 
the steel support frame. The electric generator, pressure gauge, tachometer, flow 
controller and the water turbine were added to this turbine test unit at RMIT University 
workshop.  
4.2.1 Hydraulic power input unit 
Figure 4.3 shows the hydraulic power input unit consisting of water pump, water 
flow meter, pressure gauge, suction and delivery pipe and flow control system (frequency 
controller for water pump electric input power). The selection of all the hydraulic input 
unit components is based on the maximum operating head and maximum flow rate 
estimated for turbine performance testing. Here the estimated maximum supply head and 
maximum flow rate is 5m and 90m³/hr respectively. 
 
Figure 4.3 Hydraulic power input unit components 
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The 7.5kW centrifugal pump (model number is FHE 65-125/75, see details in 
Appendix E) manufactured by LOWARA is selected for the test rig. This pump operates 
on 415volts 3-phase 50Hz power supply and has delivery pipe internal diameter of 
Ø72mm. As shown in Figure 4.1 and Figure 4.2 the delivery pipe is connected to four 
bends, these are 90° smooth bends with assumed head loss coefficient 9.0=LK (Cengel 
Y., 2006) and flow meter before the inlet to the turbine. For the delivery pipe diameter of 
Ø72mm (cross-sectional area of 4.1x10-3 m2) and a flow rate of 90m³/hr (0.025 m³/sec) 
the velocity of the water flowing through the turbine is equal to 
14.6101.4
025.0
3 =×
=
−
V m/sec. The Renolds number for this water flow is estimated as 
21.440315
10002.1
072.014.6998
3 =×
××
==
−µ
ρVDRe . It is seen that the flow is turbulent with 
Renolds number greater than 20000, so the coefficient of friction is estimated using the 
following equation ( ) 0137.0184.0 2.0 =×= −eRf . The major head loss in the 3m long 
delivery pipe is equal to m
gD
VLfhmajor 09.12
2
=
×
×
×= . The minor head loss in each of the 
90° smooth bends is estimated as m
g
VKh Lor 72.12
2
min =×= , so the sum of head loss in the 
bends is equal to 1.72 x 4 = 6.92m. Therefore the total head loss (major plus minor head 
loss) in the delivery pipe from the pump to the turbine inlet is estimated to be about 8m 
(Cengel Y., 2006). Figure 4.4 shows the hydraulic characteristics of the FHE65-125/75 
water pump, it can be seen from curve 65-125/75 that this pump can deliver a flow rate of 
90m³/hr at a delivery head of 23m. The net available head at the inlet to the turbine after 
deducting the dynamic head loss of 8m in the delivery pipe is estimated to be about 15m 
(not including the head loss in flow meter).  
In addition to the head loss in the delivery pipe, the head loss in the water flow 
meter is also considered. Removable element WOLTMAN water meter DN65 (nominal 
diameter Ø65mm) with the flange connection is selected. This flow meter can measure 
the flow rate of 50m³/hr and above with an accuracy of ±98% (i.e. ±2% error). From 
Figure 4.5 the head loss in the water flow meter size DN65 for a flow rate of 90m³/hr was 
estimated as 1.5m. So the net head available at the inlet to the turbine was estimated as 
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13.5m (i.e. pump delivery head 23m minus total head loss in delivery pipe 8m minus the 
head loss in water flow meter 1.5m). 
 
Figure 4.4 Manufacturers specifications for water pump FHE65-125/75 (source: Lowara 
centrifugal pump FH series techincal catlogue, see Appendix E) 
 
Figure 4.5 Head loss characteristics for the Omega flow meter (source: Technical catalogue 
Omega Flow meter) 
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As shown in Figure 4.3 mechanical pressure gauge is used to measure the supply 
pressure to the turbine with the pressure measuring range of 0 to 100 kPa (Floyds, 
Ø100mm brass dial). As per manufacturer’s specifications, the measurement error on a 
full-scale display for this pressure gauge was ±1%. Low range pressure gauge was later 
used for the testing of SRT prototype 2 to measure the supply pressures below 30kPa 
with greater accuracy. This low range pressure gauge has the measuring span of 0 to 
10PSI (approximately 0 to 69kPa) with the measuring error of ±1% full-scale display 
(FSD). 
Here the 15kW variable frequency sign wave inverter is used for flow control 
during the performance testing of the turbine prototypes. To control the delivery water 
flow rate and head from the pump, the frequency controller is connected inline with the 
electric power supply to the water pump. By controlling the frequency of the electrical 
power supplied to the water pump, the impeller speed is controlled and in turn the 
delivery flow rate and head is controlled.  
4.2.2 Power output unit 
 
Figure 4.6 Power output unit 
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Figure 4.6 shows the power output unit that consists of the simple reaction water 
turbine, the inlet rotary seal arrangement, electric generator, electric load, tachometer and 
electric power-measuring device (i.e. voltmeter and ammeter). As shown in Figure 4.1, 
Figure 4.2 and Figure 4.6 the simple reaction turbine is connected to the electric 
generator. Here the permanent magnet DC motor (Capacity: 2.2kW, Manufacturer: 
Baldor, Catalogue No.: CDP3603) is used in reverse as an electric generator (motor data 
sheet in Appendix E). The non-contact photo probe tachometer is used to measure the 
rotational speed of the turbine. This tachometer has the measuring accuracy of ±1rpm for 
range of 60 to 4000rpm. Output electric power from this DC generator is dumped in the 
variable electric load. Rheostat and Globe bank are the two types of variable loads used 
in the testing. An electric globe load bank is good means to visually demonstrate the 
power production, as well as to measure the performance, but fine-tuning of load is not 
possible. However, with a rheostat, fine-tuning of load is possible but it does not have the 
ability to visually demonstrate the power production in the form of visible light. The 
generator output voltage and current are measured on two separate multi-metres. The 
measurement error specified by the multi-metre manufacturers is ±1.5% for DC voltage 
(range 1V – 1000V) and ±2.5% for DC current (range 10mA – 20A).  
The electrical power output from the electric generator is less then the mechanical 
power supplied to the generator shaft. This is due to the sum of all electrical power losses 
(i.e. iron losses, eddy current losses, copper loss) plus the sum of frictional power loss in 
the generator bearing and the generator armature windage power loss (air drag). All these 
losses are added to the electrical power output from the generator to estimate the 
mechanical power produced by the turbine.  
4.3 Test and performance estimation procedure summary  
In this section all the test techniques used for the experimental analysis of all the 
simple reaction turbine prototypes are discussed. The objective of this analysis is to 
determine the performance of these turbines under different hydrostatic heads. Following 
are the test techniques used in this analysis: 
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• Stationary test: This test technique measures the amount of water flowing 
through the stationary rotor at different hydrostatic heads and it helps to 
estimate the stationary torque produced by the turbine.  
• Power test: This test technique measures the input water flow rate and 
hydrostatic head; this is then used to estimate the input power ( ghm• ). At 
the same time this test technique also helps to estimates the power 
produced by the rotating turbine at different hydrostatic heads and 
different rotational speeds. This data is later used to estimate the dynamic 
k-factor and the turbine performance.  
• Power loss estimation: This test estimates the DC motor/generator power 
loss, turbine drag loss and rotary seal mechanical friction loss.  
• DC motor/generator shaft power estimation procedure. 
4.3.1 Stationary test 
The stationary test is carried under different hydrostatic supply heads. This 
technique helps to estimate the stationary torque produced by the turbine. The stationary 
torque is equivalent to the maximum torque that turbine can produce at a certain 
hydrostatic supply head. It also helps to estimate the stationary water flow rate through 
the turbine. This is equivalent to the minimum water flow rate that a constant hydrostatic 
supply head can produce. Finally, this test technique helps to estimate the stationary k-
factor of the turbine. 
All the turbine prototypes discussed in Chapter 3 have been tested with this 
technique. Figure 4.7 shows the experimental set-up used in the stationary test. During 
the stationary test, torque arm is connected to the turbine shaft and the force sensor (Dana 
Load cell capacity 20kgf), the force sensor measures the tangential force at the torque 
arm LCF , this is used to estimate the stationary torque. The force sensor is secured rigidly 
to the test rig frame as shown in Figure 4.7. From this measurement, the torque is 
deduced and hence the total reaction force of the exiting water jets. Here water is 
supplied at constant hydrostatic head, the supply pressure/head is monitored on the 
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pressure gauge, the flow rate is monitored on the flow meter and the is force 
(proportional to torque) is monitored on the force sensor indicator, at the same time all 
these parameters are also recorded.  In the stationary test, the flow rate is only dependent 
on the supplied hydrostatic head as there is no centrifugal pumping effect present that 
could alter the flow rate. All the data is recorded manually on data sheet, this data is later 
transferred to the excel spreadsheet.  
Table 4.1 shows the arrangement of the stationary test data sheet used to record 
the stationary test results. The volume flow rate of the water flowing through the turbine 
is equal to the measured volume of water in m³ using flow meter divided by the time 
measured on stopwatch.  
 
Figure 4.7 Stationary torque and flow rate measurement set-up 
The relative velocity 
rV of the water jet at both the exit nozzles is equal to the 
total volume flow rate of water supplied to the turbine divided by the total exit nozzle 
area. Using this value of relative velocity and equation 2.39 from Chapter 2 the value of 
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k-factor is calculated. Ideally the torque produced at the turbine shaft shaftT  should be 
equal to the estimated torque, here estimated torque is equal to product of absolute 
velocity aV , total mass flow rate 
•
m  and mean turbine radius R as shown is equation 2.10 
(when the turbine is stationary (i.e. 0=ω & 0=∴U ) the absolute velocity aV  is equal to 
the relative velocity rV ).  The turbine shaft torque is equal to the product of the measured 
force LCF (N) at the turbine shaft times the torque arm length armL  (m). The stationary 
test results for all the turbine prototypes are analysed and discussed in the Chapter 5. 
armLCshaft LFT ×=   4.1 
 
Table 4.1 Arrangement of stationary test data sheet  
Simple reaction turbine type: __________________________ 
Torque arm length 
armL  = _________________________ 
Obs. 
No. 
 
Pressure gauge 
reading 
(kPa) 
Time required for 3___ mV =  
water flow through turbine 
t  (Sec) 
Force transducer 
reading 
Farm (N) 
1    
2    
3    
4    
5    
6    
7    
8    
9    
4.4 Power Test 
Power test is used to measure the overall performance of a turbine prototype. 
During this test the hydrostatic supply head is kept constant while the load on the turbine 
is varied. This technique helps to estimate the maximum power produced by a turbine for 
a constant hydrostatic head and the maximum energy conversion efficiency (overall 
efficiency) of the hydroelectric unit. It also helps to estimate the water flow rate while 
turbine is rotating. Here the flow rate increases with the increase in rotational speed due 
to centrifugal pumping effect as discussed in Chapter 2. Further, this test technique helps 
to estimate the variation of k-factor with rotational speed. The measured data assists in 
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the overall energy balance analysis of the hydroelectric unit. All the turbine prototypes 
discussed in Chapter 3 are tested with this technique.  
Figure 4.8 shows the turbine test rig and its instrumentation used for the power 
test. Here the flow meter measures the volume flow rate of water flowing through the 
turbine, the pressure gauge measures the hydrostatic supply pressure at the inlet to the 
turbine, the tachometer measures the rotational speed of the turbine, and the two multi-
metres are used to measure the output voltage and current from the D.C. generator. The 
frequency controller seen in Figure 4.8 is used to regulate the supply water pressure. The 
supply pressure to the turbine is controlled by the adjusting the frequency of the electrical 
power supplied to the water pump through this frequency controller. 
 
Figure 4.8 Power measurement test 
All the prototypes are tested with power test technique at different hydrostatic 
supply pressures/heads (range 10-80kPa; i.e. 1m to 8m) to estimate their performance 
characteristics. At the beginning of a power test, the turbine is allowed to rotate free 
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without any electric load or some times with very small electrical load, while the supply 
pressure is held constant. At the same time parameters like flow rate, rotational speed, 
output voltage, and output current are recorded. Then the electric load is gradually 
increased in steps, this tends to decrease the rotational speed of the turbine. This decrease 
in rotational speed reduces the centrifugal pumping effect causing the supply pressure to 
increase slightly. The supply pressure is then adjusted to its original value with the 
frequency controller connected to the water pump. The parameters like supply pressure, 
flow rate, rotational speed, output voltage and output current are recorded for each step 
when load is increased. The increase in load is continued till the turbine slows down to 
about quarter of no-load rotational speed (initial maximum rotational speed). This 
procedure is repeated for different supply pressures to analysis the performance 
characteristics of all turbine prototypes for low hydrostatic heads range 1-8m (i.e. ≈10-
80kPa). All the data is recorded manually on data record sheet, which is later transferred 
to the excel spreadsheet. Table 4.2 shows the arrangement of the power test data sheet 
used to record the power test data. 
Table 4.2 Arrangement of power test data sheet 
Measured test data for SRT Prototype 1 
(Ø243mm and total nozzle exit area 0.00144 m²) 
Supply 
Pressure 
(kPa) 
Time required for 
0.4m³ of water to 
flow through the 
turbine 
(sec) 
Gen Output 
Voltage 
Vg 
(Volts) 
Gen Output 
Current 
Ig 
(Amps) 
Rotational 
Speed 
(rpm) 
    
    
    
    
    
    
    
    
 
    
4.5 Turbine and DC generator power estimation procedure 
The mechanical power produced by the turbine is equal to sum of electrical power 
output, plus the power lost in DC generator, plus the power lost in overcoming turbine air 
drag plus the power lost in friction at the rotary seal. For a permanent magnet D.C. 
motor/generator only a few constants and equations linking them are needed to describe 
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the relationship between speed, torque and current (Enfield, 2005). The D.C. motor 
torque constant tK is defined as the ratio between the torque and the current; in the metric 
system its unit is Nm/amp. In the metric system tK  has the same numerical value as the 
voltage constant eK (unit Volt/rad/sec) for a D.C. motor (Enfield, 2005). Following are 
the equations linking the speed, torque and current, (later used to estimate the mechanical 
shaft power) 
lossgtg TIKT +×=   4.2 
 Here gT  is the torque applied to the generator shaft by the water flow through 
the turbine (Nm), gI  is the generator output current (Amp) and lossT  is the sum of lost 
torque (Nm).  
Further lossT  is expressed as the sum of torque lost in DC motor/generator (bearing 
friction and ohmic loss) plus torque lost to overcome the friction at rotary seal plus the 
torque lost to overcome the turbine air drag, 
ω
loss
loss
WT
•
=   
4.3 
Here lossW
•
 total power loss i.e. sum of power loss in DC motor, rotary seal and 
turbine air drag.  
The electrical power output from the D.C. motor/generator 
•
EW  (Watts) can be 
estimated using following equation,  
gggtE IVIKW ×=××=
•
ω  
 
4.4 
Here gI  is the generator output current (Amp), gV  is the generator output voltage 
(Volts), tK  is the torque constant of the DC generator/motor.  
Finally the turbine output power (i.e. the actual mechanical power output from 
turbine before turbine drag removes some) 
•
TW (Watts) is estimated using following 
equation, 
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lossET WWW
•••
+=   4.5 
The DC motor/generator constants 
eK  and tK  is estimated by using the equations 
discussed by Max Enfield (Enfield, 2005) and the performance data provided in the 
Baldor publication ”Direct Current Motors” catalogue E-104. The numerical value of 
eK  
and tK  is estimated as 0.902 using equation suggested by Max Enfield (Enfield, 2005). 
The total power loss lossW
•
 is estimated as discusses in section 4.6. 
4.6 Power loss estimation 
The estimation of total power loss between the turbine and electric generator is 
required for accurate performance analysis and turbine efficiency estimation. The aim of 
the power loss test is to estimate the total power lost while converting mechanical output 
power from the turbine to the electrical output power from the generator. The individual 
power loss components for DC motor, rotary seal and turbine air drag are estimated for 
verification and design optimisation purpose. External DC power is supplied to the DC 
motor/generator and the power consumption by DC motor/generator at different 
rotational speeds is recorded, this helps to estimate the individual power loss components 
associated with the DC motor, the inlet rotary seal (V-ring lip seal or mechanical surface 
contact seal) and the turbine air drag. This test involves three steps, in the first step, DC 
power is supplied to the DC motor/generator alone (turbine is not attached) and power 
consumption by the DC motor/generator at different rotational speeds without any 
external load is measured using the test set-up as shown in Figure 4.9. Data from this test 
estimates the power losses associated with the DC motor as tabulated in Table 4.3.  
Table 4.3 Measured power loss associated with the DC motor/generator alone 
Supply Voltage 
V (Volt) 
Supply Current 
I (Amp) 
Speed 
(rpm) 
Power Loss 
V*I (Watt) 
9.9 0.104 105 1.0 
19.1 0.189 203 3.6 
28.4 0.263 301 7.4 
37.9 0.327 402 12.4 
47.2 0.379 501 17.9 
54.6 0.428 580 23.4 
65.9 0.432 700 28.5 
75.3 0.448 799 33.7 
85.2 0.464 904 39.5 
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94.4 0.477 1002 45.0 
103.9 0.487 1103 50.6 
113.2 0.503 1202 57.0 
122.6 0.514 1301 63.0 
132.0 0.521 1401 68.8 
141.5 0.524 1502 74.1 
151.2 0.523 1605 79.0 
160.4 0.516 1703 82.7 
169.7 0.514 1801 87.2 
179.2 0.511 1902 91.5 
188.8 0.509 2004 96.0 
In the second step, the turbine is connected to the DC motor/generator without a 
rotary seal as shown in Figure 4.10. Then DC power is supplied to the DC 
motor/generator, while the corresponding power consumption is measured for different 
rotational speeds. Here the power consumed by the DC motor/generator is equal to the 
sum of power loss associated with the DC motor/generator and turbine air drag. The 
difference between the power loss measured in this test and the power loss measured in 
the previous test (DC motor alone) helps estimate the power loss component representing 
the turbine air drag. 
 
Figure 4.9 Schematic of the experimental set-up for measurement of power loss 
associated with the DC motor/generator 
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In the third step to estimate, the power loss associated with the rotary seal two 
slightly different procedures are used for two different rotary seal arrangements namely 
V-ring rotary seal arrangement and NMS arrangement. Both these sealing arrangements 
are discussed in Chapter 3 section 3.3. To estimate the power loss associated with the 
mechanical seal (NMS), the turbine with the inlet rotary seal (Mechanical seal) is 
connected to the DC motor/generator as shown in Figure 4.11. Now DC power is 
supplied to the DC motor/generator, while the corresponding power consumption is 
measured for different rotational speeds. Here the power consumed by the DC 
motor/generator is equal to the total power loss associated with the DC motor/generator, 
turbine air drag and inlet rotary seal friction. The difference between the total power loss 
and sum of power loss associated with the DC motor and turbine air drag estimated in 
earlier steps gives the power loss component representing the rotary seal frictional power 
loss. 
 
Figure 4.10 Schematic of the experimental set-up to estimate power loss associated with 
the turbine drag 
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Figure 4.11 Schematic of the experimental set-up for measurement of total power loss 
For the power loss estimation when using a V-ring lip seal arrangement same 
procedure is repeated with some additional constraints. As discussed in Chapter 3 section 
3.3 the V-ring lip seal arrangement requires some water pressure to effectively seal the 
rotary joint and V-ring lip seal arrangement shows different frictional characteristics at 
different pressures. The friction between stationary surface and rotary surface increases 
with increase in supply water pressure, this is due to increased surface contact that is 
achieved at higher pressure (i.e. better sealing). So when testing for the frictional power 
loss in the V-ring lip seal water pressure has to be applied without allowing the water to 
pass through the turbine preventing any turbine reaction torque. V-ring lip seal power 
loss at different pressures is estimated by blocking the turbine nozzles and then applying 
the water pressure while the DC power is supplied to the DC motor/generator (turbine 
nozzles are blocked with rubber plugs). The power consumed by the DC motor/generator 
is measured for different rotational speeds. This procedure is repeated for a range of 
water pressures from 10kPa to 80kPa to estimate the increasing frictional power loss with 
increase in pressure. This test procedure is repeated for all turbine prototypes. Now the 
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power loss associated with friction in V-ring rotary seal is equal to the difference between 
the power consumption measured in this step minus the sum of power consumption 
measured in first two steps for corresponding rotational speed.  
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Chapter 5 Discussion and validation of 
experimental results 
5.1 Introduction 
The objective of the experimental analysis is to investigate and compare the 
performance of the two simple reaction turbine designs proposed in this research. This 
chapter will discuss the performance analysis based on the experimental data collected 
from different performance tests carried on all the simple reaction turbine prototypes 
designed during this research. The following sections will discuss the performance 
characteristics of stationary turbine i.e. zero power produced and performance 
characteristics of turbine producing power.  
5.2 Stationary performance characteristics of cross pipe turbine 
Figure 5.1 shows the comparison between the estimated torque based on flow rate 
measurement and the shaft torque based on the force measurement taken from the 
stationary test unit shown in Figure 4.7, the stationary test procedure used to conduct this 
test is explained in section 4.3.1 of Chapter 4. Ideally, both the estimated and measured 
torque values should be equal. Figure 5.1 also shows the minimum amounts of water 
flowing through the cross pipe turbine at different hydrostatic supply pressures at 
different conditions; this CPT has a diameter of 400mm and total turbine nozzle exit area 
of 0.000397m². When the turbine is stationary, the flow rate only depends on the supply 
pressure and total nozzle exit area, as there is no centrifugal pumping effect present. The 
stationary flow rate data is used to estimate the theoretical stationary torque (estimated 
torque) based on the flow rate and estimated exit velocity of the water jet. As discussed in 
Chapter 2, the estimated turbine torque is the product of total mass flow rate, turbine 
radius and absolute velocity of the water leaving the nozzles (see equation 2.9, Chapter 2, 
absolute velocity equals relative velocity at stationary condition). 
For example, from Table 5.1 and Figure 5.1 at a pressure of 30kPa the volume of 
water flowing through the turbine is 2.94L/s; taking the density of water @ 20°C as 
1000kg/m³, the estimated mass flow rate is equal to m& = 2.94kg/s. So the absolute 
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velocity (exit jet velocity) of water leaving the nozzles is equal to, 
412.7
000397.0
1094.2 3
=
×
=
−
aV  m/s 
Radius of the turbine is equal to 200mm. 
Therefore, the estimated torque is equal to 
NmRVmT aestimated 361.42.0412.794.2 =××== &  
Table 5.1 Measured flow rate and force transducer readings at different pressures for 
CPT 
CPT Prototype (Ø400mm) 
Torque arm = 0.211m 
Obs. 
No. 
 
Pressure gauge reading 
(kPa) 
Time required for 31.0 mV =  
water flow through turbine 
t  (Sec) 
Force transducer 
reading 
Farm (N) 
1 10 58.43 6.66 
2 20 41.44 12.90 
3 30 33.95 20.63 
4 40 29.48 26.81 
5 50 26.43 33.10 
6 60 24.19 40.73 
7 70 22.44 46.70 
8 80 21.03 52.83 
 
Figure 5.1 Torque comparison and minimum flow rates at different pressures for CPT 
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As discussed in section 4.3.1 of chapter 4 the shaft torque gT  is measured using a 
force sensor (load cell) connected to the turbine shaft through the torque arm of 0.211m 
length. Table 5.1 shows the force measurements for different pressures and the 
corresponding flow rates. The shaft torque is calculated from this measured data. For 
example, from Table 5.1 at 30kPa pressure the measured force acting on the torque arm 
of 0.211m length is 20.633N.  
Therefore, NmTg 354.4211.063.20 =×=  
Figure 5.1 shows comparison between the estimated torque and the measured 
shaft torque for stationary condition. Theoretically, the measured shaft torque should be 
equal to the estimated torque. However, it can be seen that on few occasions the 
measured shaft torque is less then the estimated torque and this deviation is very 
consistent. This deviation in two torque values is attributed to instrumental error, the 
inaccuracy in the estimation of the actual total exit nozzle area and the turbine diameter. 
The uncertainty analysis of the measured data from this experiment shows a relative 
uncertainty of ±3.66% in the estimation of the estimated torque based on the flow rate 
and a relative uncertainty of ±1.11% in the estimation of shaft torque (see Table - C-9 in 
Appendix C).  
Figure 5.2 shows the estimated k-factor for stationary condition at different 
pressures. When the turbine is stationary the value of k-factor increases with increase in 
supply pressure, this is due to increase in flow rate and as a result increase in the velocity 
of the water leaving the exit nozzles at higher pressures. As discussed in Chapter 2 the k-
factor represents the fluid frictional power loss associated with the turbine and the exit 
nozzles. When the turbine is stationary (i.e. ω=0) there is no centrifugal pumping effect 
so for the given turbine geometry the value of k-factor will remain constant at constant 
supply pressure. The k-factor is estimated from the data measured from the stationary test 
and using equation 2.39 (see Chapter 2).  
For example, at 30kPa pressure (i.e. mH 3≈ ), the measured flow rate is 2.94L/s 
and the angular speed if zero as the turbine is stationary (i.e. ω=0). The turbine radius is 
200mm and the total exit nozzle area of CPT is 0.000397m². The real exit velocity is 
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equal to the total flow rate divided by the total exit nozzle area, making the exit velocity 
at 30kPa equal to 7.40m/s as seen in Figure 5.2.  
Therefore, 
09.01
000397.0*1000
94.2
030212 22
22
=−


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Figure 5.2 Experimentally estimated k-factor for CPT at stationary condition  
In classic fluid dynamic analysis of a nozzle or an orifice a term called coefficient 
of discharge ( dC ) is used to represent fluid frictional loss. The coefficient of discharge is 
equal to ratio of measured mass flow rate to the ideal mass flow rate i.e. 
ideal
real
d
m
mC
•
•
=  
(White, 1986). Here realm
•
 is equal to the measured flow rate, while the 
idealideal VAm ××=
•
ρ  (i.e. equal to the product of density of water times the total exit 
nozzle area times the ideal velocity gHVideal 2= ). Example of calculated coefficient of 
discharge for a supply pressure of 30kPa (i.e. gH ) and total exit nozzle area is equal to 
0.000397m² is shown below, 
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smgHVideal /75.730*22 ===  
Assuming density of water equal to 1000kg/m³, 
skgVAm idealideal /08.375.7000397.01000 =××=××=
•
ρ  
From Figure 5.1 and Table 5.1 the measured mass flow rate is equal to 2.95kg/s. 
Therefore, 958.0
08.3
95.2
===
•
•
ideal
real
d
m
mC  
5.3 Performance characteristics of rotating cross pipe turbine 
Figure 5.3 shows the electrical power and flow rate characteristics of CPT at 
constant supply pressure with V-ring lip rotary seal arrangement (as shown in  Figure 
3.17 in Chapter 3) attached at the inlet to prevent any water leakage. The test procedure 
used to conduct this power test is explained in section 4.4 of Chapter 4. The CPT has a 
mean turbine diameter of 400mm and total exit turbine nozzle area of 0.000397m² (two 
15.9mm diameter solid stream nozzles). It can be seen that the water flow rate increases 
at constant supply pressure with increase in rotational speed. This shows the centrifugal 
pumping effect causing the flow rate to increase at higher rotational speed. Further, it can 
be seen from Figure 5.3 that the effect of static head on the flow rate starts to diminishes 
at higher rotational speeds, as predicted by the theoretical analysis of simple reaction 
turbine discussed in Chapter 2.  
Table 5.2 Measured electrical power output and supply flow rate at two sample supply 
pressures from the CPT 
Supply 
Pressure 
(kPa) 
Speed 
(rpm) 
Time required for 
0.1m³ of water to 
flow through the 
turbine (s) 
Gen. 
Output 
Voltage 
(Volt) 
Gen. 
Output 
Current 
(Amp) 
Flow Rate 
(L/s) 
Flow rate 
(m³/s) 
Electrical 
Power (W) 
30 290 26.84 27.32 0.00 3.73 0.00373 0.00 
30 252 28.15 23.76 0.47 3.55 0.00355 11.22 
30 227 29.02 21.38 0.73 3.45 0.00345 15.57 
30 218 29.32 20.56 0.79 3.41 0.00341 16.27 
30 210 29.60 19.78 0.88 3.38 0.00338 17.39 
30 200 29.93 18.84 1.00 3.34 0.00334 18.86 
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30 188 30.32 17.71 1.15 3.30 0.00330 20.28 
30 174 30.77 16.39 1.30 3.25 0.00325 21.32 
30 156 31.33 14.70 1.50 3.19 0.00319 22.00 
30 140 31.79 13.19 1.70 3.15 0.00315 22.45 
30 124 32.22 11.68 1.89 3.10 0.00310 22.09 
30 93 32.94 8.76 2.21 3.04 0.00304 19.36 
30 74 33.30 6.97 2.48 3.00 0.00300 17.29 
Supply 
Pressure 
(kPa) 
Speed 
(rpm) 
Time required for 
0.2m³ of water to 
flow through the 
turbine (s) 
Gen. 
Output 
Voltage 
(Volt) 
Gen. 
Output 
Current 
(Amp) 
Flow Rate 
(L/s) 
Flow rate 
(m³/s) 
Electrical 
Power (W) 
80 525 32.06 49.46 0.00 6.24 0.0062 0.0 
80 489 32.97 46.06 0.65 6.07 0.0061 30.1 
80 470 33.46 44.27 1.03 5.98 0.0060 45.6 
80 447 34.05 42.11 1.43 5.87 0.0059 60.2 
80 423 34.68 39.85 1.88 5.77 0.0058 75.1 
80 403 35.20 37.96 2.24 5.68 0.0057 85.0 
80 378 35.85 35.61 2.65 5.58 0.0056 94.4 
80 350 36.57 32.97 3.12 5.47 0.0055 102.9 
80 316 37.41 29.77 3.69 5.35 0.0053 109.8 
80 286 38.14 26.94 4.09 5.24 0.0052 110.1 
80 264 38.63 24.87 4.38 5.18 0.0052 108.9 
80 227 39.44 21.38 4.90 5.07 0.0051 104.8 
80 197 40.04 18.56 5.49 5.00 0.0050 101.9 
80 164 40.61 15.45 6.03 4.92 0.0049 93.2 
The flow rate data collected from the power test of the CPT is used to estimate the 
dynamic k-factor. Figure 5.3 and Table 5.2 also shows the electrical power produced by 
CPT for 30kPa and 80kPa supply pressures. For 30kPa supply pressure the maximum 
electrical power of 22.45W is produced at about 140rpm. It can be seen that the 
maximum power point (MPP) for this type of turbine depends on the supply pressure and 
as the supply pressure is increased the MPP shifts to the higher rotational speed. At 
80kPa the maximum electrical power of 110.1W is produced at about 286rpm. It can be 
seen that the maximum no load rotational speed of the CPT at 30kPa (i.e. ≈ 3m head) 
supply pressure is only 290rpm, this is due to the large diameter of the turbine. As 
discussed in section 2.4 in Chapter 2, for turbine to rotate at high speed at low heads a 
small diameter rotor is required. Most of the electric generators perform poorly at low 
speeds. As a result the direct coupling of low speed hydro turbines to electric generators 
is not efficient. Low speed turbines require additional speed step-up power transmission, 
such as gearbox, belt pulley or chain and sprocket. This adds an extra cost of speed 
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change transmission components, and add to the installation cost of micro-hydro or low 
head hydro systems, making the low head micro hydro a weak competitor. Even at higher 
supply pressure of 80kPa (i.e. ≈ 8m head) the no load rotational speed of CPT is only 
525rpm and the maximum power is produced at almost half this speed (i.e. 286rpm). So a 
large diameter turbine for low head micro-hydro installation is not suitable for producing 
electrical power very efficiently.  
 
Figure 5.3 Measured electrical power and flow rate characteristics of CPT 
5.3.1 Fluid frictional loss characteristics (k-factor) 
Figure 5.4 and Table 5.3 shows the characteristic of the estimated k-factor for 
CPT. As discussed in Chapter 2 the k-factor represents the fluid frictional power losses 
and is a function of rotational speed and flow rate. The relative velocity of the exiting 
water jets is directly proportional to the flow rate. With the increase in rotational speed, 
the flow rate increases due to centrifugal pumping effect and so does the relative velocity. 
A linear increase in the value of k-factor with relative velocity is observed from Figure 
5.4. It can be said from Figure 5.4 and Table 5.3 that the dependency of k-factor on the 
relative velocity is more prominent at higher rotational speeds because more water tends 
to flow through the same exit nozzle area of the turbine at constant supply pressure due to 
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the centrifugal pumping effect. It is seen from Figure 5.4 that the increasing trend of k-
factor as seen in the stationary tests is also seen during the rotary power test and the 
values of k-factor estimated from stationary and power test are very close for 
corresponding relative velocity values.  
 
Figure 5.4 Estimated k-factor characteristics at relative jet velocities for CPT 
The k-factor values are estimated using equation 2.39 (see Chapter 2) and the 
experimental data collected from power test carried on CPT as shown in Table 5.2. The 
estimated values of relative and absolute velocities of water jet and the linear velocity of 
the nozzle in opposite direction to the flow of water for two sample supply pressures are 
shown in Table 5.3 with estimated values for the corresponding k-factor. Following is a 
solved example of k-factor estimation at 30kPa supply pressure and 200rpm, the effective 
turbine radius is 0.2m, 
( )
( ) ( )
( ) 094.0142.8
9.202.030212 2
22
2
22
=−
×+×
=−
+
=
rV
RgHk ω  
Further, at 200rpm the fluid frictional power loss is estimated as discussed in 
Chapter 2 using the fluid frictional power loss component 2
2
1
rkVm
•
of equation 2.36.  
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Table 5.3 Estimated values of k-factor at different rotational speeds and corresponding 
relative velocity of the exit jet for CPT at two sample pressures 
Supply pressure 
(kPa) 
Flow rate 
(m³/s) 
Speed 
(rpm) 
Vr 
(m/s) 
U 
(m/s) 
Va 
(m/s) 
k-factor 
 
30 0.00373 290 9.39 6.07 3.32 0.099 
30 0.00355 252 8.95 5.28 3.67 0.097 
30 0.00345 227 8.68 4.75 3.93 0.096 
30 0.00341 218 8.59 4.57 4.02 0.095 
30 0.00338 210 8.51 4.40 4.12 0.095 
30 0.00334 200 8.42 4.19 4.23 0.094 
30 0.00330 188 8.31 3.94 4.37 0.094 
30 0.00325 174 8.19 3.64 4.54 0.093 
30 0.00319 156 8.04 3.27 4.78 0.092 
30 0.00315 140 7.93 2.93 4.99 0.092 
30 0.00310 124 7.82 2.60 5.22 0.091 
30 0.00304 93 7.65 1.95 5.70 0.091 
30 0.00300 74 7.57 1.55 6.02 0.090 
Supply pressure 
(kPa) 
Flow rate 
(m³/s) 
Speed 
(rpm) 
Vr 
(m/s) 
U 
(m/s) 
Va 
(m/s) 
k-factor 
 
80 0.0062 525 15.72 10.99 4.73 0.136 
80 0.0061 489 15.28 10.24 5.05 0.134 
80 0.0060 470 15.06 9.84 5.22 0.132 
80 0.0059 447 14.80 9.36 5.44 0.131 
80 0.0058 423 14.53 8.85 5.68 0.129 
80 0.0057 403 14.32 8.44 5.88 0.128 
80 0.0056 378 14.06 7.91 6.14 0.127 
80 0.0055 350 13.78 7.33 6.45 0.125 
80 0.0053 316 13.47 6.61 6.85 0.123 
80 0.0052 286 13.21 5.99 7.23 0.122 
80 0.0052 264 13.04 5.53 7.52 0.120 
80 0.0051 227 12.77 4.75 8.02 0.119 
80 0.0050 197 12.58 4.12 8.46 0.118 
80 0.0049 164 12.41 3.43 8.97 0.116 
5.3.2 Power loss characteristics  
Figure 5.5 shows the power loss characteristics curves for the DC motor, V-ring 
rotary seal and the cross pipe turbine drag operating at two sample pressures of 30kPa 
and 80kPa. It can be seen from Figure 5.5 that the V-ring frictional power loss increases 
with increase in the supply pressure; this is due to increase in the surface contact force 
between the V-ring lip and the rotating stainless steel ring attached to the inlet port of the 
turbine as illustrated in Figure 3.17 of Chapter 3. These power loss values are added to 
the electrical power generated at respective supply pressure and rotational speeds to get 
the power produced by the turbine as discussed in section 4.5 of Chapter 4. As shown in 
Figure 5.5 second order polynomials are drawn to fit the power loss curves and then the 
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equations for each of these polynomial curves is used to estimate the exact value of 
power loss at different rotational speeds. For example as shown in Figure 5.5, power loss 
associated with V-ring lip seal operating at 80kPa is represented by 
721.250324.00006.0 2 +∗−∗= xxy (here y is the power loss in V-ring lip seal and x is the 
corresponding rotational speed).  
 
Figure 5.5 Measured power loss characteristic curves associated with DC motor, V-ring 
rotary seal and the turbine drag for CPT at 30kPa and 80kPa supply pressure  
Figure 5.5 also shows power loss in the DC motor/generator, which is very small 
as compared to other power loss components. The power loss due to turbine air drag is 
higher then the frictional power loss in the V-ring rotary seal when the turbine is 
operating at 30kPa. While at 80kPa pressure the frictional power loss in the V-ring rotary 
seal exceeds the power loss in turbine air drag. This shows the major power loss is 
associated with V-ring lip seal and turbine drag. As the CPT design has two protruding 
arms, there is significant amount of power required to over come the air drag on the 
turbine. This makes the CPT to slow down causing further power loss; the power is lost 
in form of kinetic energy of the water leaving the turbine. The absolute velocity of the 
water jet leaving the turbine is high at low rotational speed. It can be seen from Table 5.2 
and Table 5.3 that even at zero electrical load the absolute velocity is not zero or even 
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any were close to zero (For example, at 80kPa and 525rpm absolute velocity is 4.73m/s 
while the electrical load is zero, see Table 5.3) .  
5.3.3 Turbine power and turbine efficiency  
Table 5.4 and Figure 5.6 shows the estimated power output and efficiency 
characteristics of the CPT with V-ring seal. In Table 5.4 
•
TW represents the mechanical 
power produced by the turbine and 
•
EW represents the electrical power generated by the 
DC motor/generator. As discussed in Chapter 4 the turbine power is estimated by adding 
the sum of power loss in DC motor/generator, rotary seal and turbine drag to the 
electrical power output from the generator. For example from Figure 5.5 at 80kPa supply 
pressure and 286rpm the individual power loss components are calculated as follows, 
Power loss in V-ring rotary lip seal (90mm diameter V-ring seal) @ 80kPa and 
286rpm is, , Wy 53.65721.252860324.0)286(0006.0 2 =+∗−∗=  
Power lost to overcome turbine air drag at 286rpm is, 
Wy 87.243337.12860251.0)286(0002.0 2 =+∗+∗=  
Power loss in DC motor/generator at 286rpm is, 
Wy 11.92.59 - 286*0.0392 + 286*0.000006 2 ==  
Therefore the sum of total power loss is equal to 65.53+24.87+9.11 = 99.49W this 
is then added to the measured electrical power of 110.1W to get the turbine power of 
209.59W, as shown in Table 5.4. 
Table 5.4 Estimated power outputs and energy conversion efficiencies for CPT at 80 kPa 
supply pressure (sample) 
Supply 
pressure 
(kPa) 
Flow Rate 
(L/sec) 
Turbine 
Speed 
(rpm) 
Electrical 
Power 
•
EW  
(W) 
Total Power 
Loss 
•
LossW  
(W) 
Turbine 
Power 
•
TW  
(W) 
Turbine 
efficiency 
ghm
W T
t •
•
=η  
% 
Overall 
efficiency 
ghm
W E
o •
•
=η  
% 
80 6.24 525 0.00 263.31 263.31 52.76 0.00 
80 6.07 489 30.08 232.75 262.83 54.16 6.20 
80 5.98 470 45.60 217.46 263.06 55.01 9.54 
80 5.87 447 60.21 199.73 259.94 55.33 12.82 
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80 5.77 423 75.07 182.13 257.20 55.75 16.27 
80 5.68 403 84.96 168.18 253.14 55.69 18.69 
80 5.58 378 94.36 151.65 246.01 55.12 21.14 
80 5.47 350 102.87 134.33 237.20 54.21 23.51 
80 5.35 316 109.84 115.00 224.84 52.58 25.68 
80 5.24 286 110.10 99.49 209.59 49.96 26.24 
80 5.18 264 108.93 89.03 197.96 47.80 26.30 
80 5.07 227 104.78 73.22 177.99 43.88 25.83 
80 5.00 197 101.88 62.01 163.89 41.01 25.50 
80 4.92 164 93.16 51.36 144.51 36.68 23.65 
 
Figure 5.6 Estimated turbine and electrical efficiency curves for CPT  
Figure 5.6 shows the turbine efficiency and the overall efficiency of CPT, it can 
be seen that the overall efficiency is about 24% to 26%. This low efficiency is attributed 
to the small amount of power supplied to the generator, as the DC generator used for 
testing has high power capacity and its performance is poor at low power (torque). 
Further it can be observed from Figure 5.6 that CPT can convert low head hydro energy 
to mechanical energy with an efficiency of around 54% to 56%. CPT also shows very 
constant turbine efficiency characteristics over a wide range of rotational speeds, i.e. 
from Figure 5.6 at 30 kPa and 240 rpm turbine efficiency is about 54%, similarly at 80 
kPa and 470 rpm the turbine efficiency is about 54%. However, the power loss to 
overcome the turbine drag is large and so this design of two arms is not efficient. Because 
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of this a simple reaction turbine with disk shape rotor is proposed and investigated further 
in this research.  
5.3.4 Energy balance analysis  
Energy balance analysis is done to verify the accuracy and dependability of the 
experimental data and procedures. Figure 5.7 and Table 5.5 shows the energy balance of 
sample data from the performance tests conducted on the CPT, this is based on the 
governing equation 2.36 discussed in Chapter 2. The rate of energy input is estimated 
from the measured flow rate and the measured supply pressure as gHm
•
. The mechanical 
turbine power is estimated as discussed earlier in section 5.3.3 and section 4.5 in Chapter 
4. The fluid frictional power loss is estimated from the measured flow rate, estimated k-
factor and estimated relative velocity as 2
2
1
rkVm
•
. In addition, the kinetic power lost with 
the water leaving the turbine is estimated from the measured flow rate and estimated 
absolute velocity as 2
2
1
aVm
•
. For example, it can be seen from Figure 5.7 and Table 5.5 at 
350rpm the input power is 437.54W, where as the sum of output is equal to the 416.16W, 
this shows that there is an error of 21.39W in the estimation (i.e. ≈ 5%). This error may 
be due to instrumental uncertainty and the fact that the turbine rotates in wet environment 
(water drops splashing) while producing power where as the turbine drag power loss is 
estimated only in normal atmospheric air and there will be small amount of unaccounted 
power loss. Overall the energy balance around the maximum power point and the 
maximum efficiency point is within ±8%.  
Finally the instrumentation uncertainty analysis shows the maximum relative 
uncertainty of ±4.19% in the estimation of the total output power 
KeFfTOut WWWW
••••
++=  and the relative uncertainty of ±2.69% in the estimation of the 
hydro input power InW
•
 (see Table - C-19, Appendix C), making the overall relative 
uncertainty of ±6.9%. After considering this fact of relative instrumental uncertainty of 
±6.9% and some small amount of unaccounted power loss in turbine drag when operating 
under wet environment (splashing water droplets), it can be said that the overall energy 
 94 
balance analysis gives good confidence in the experimental data measurements and 
procedures used in the performance testing of the CPT.  
 
Figure 5.7 Energy balance curves of CPT performance test results 
Table 5.5 Energy balance analysis for CPT tested under a supply pressure of 80kPa 
Supply 
pressure 
(kPa) 
Turbine 
Speed 
(rpm) 
Turbine 
power 
TW
•
 
(W) 
+ 
Fluid 
Frictional 
loss 
FfW
•
 
(W) 
+ 
Kinetic 
power 
loss 
KeW
•
 
(W) 
= 
Sum of 
output 
power 
OutW
•
 
(W) 
≈ 
Input 
hydro 
power 
InW
•
 
(W) 
80 525 263.31 + 105.15 + 69.75 = 438.21 ≈ 499.11 
80 489 262.83 + 94.79 + 77.20 = 434.81 ≈ 485.24 
80 470 263.06 + 89.74 + 81.44 = 434.24 ≈ 478.17 
80 447 259.94 + 84.04 + 86.88 = 430.86 ≈ 469.83 
80 423 257.20 + 78.63 + 92.90 = 428.73 ≈ 461.39 
80 403 253.14 + 74.46 + 98.24 = 425.85 ≈ 454.59 
80 378 246.01 + 69.91 + 105.24 = 421.16 ≈ 446.30 
80 350 237.20 + 65.09 + 113.87 = 416.16 ≈ 437.54 
80 316 224.84 + 59.79 + 125.53 = 410.16 ≈ 427.65 
80 286 209.59 + 55.76 + 136.91 = 402.26 ≈ 419.54 
80 264 197.96 + 52.90 + 146.21 = 397.07 ≈ 414.13 
80 227 177.99 + 49.14 + 163.19 = 390.32 ≈ 405.64 
80 197 163.89 + 46.53 + 178.79 = 389.21 ≈ 399.60 
80 164 144.51 + 43.93 + 198.31 = 386.76 ≈ 393.97 
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5.4 Stationary performance characteristics of SRT prototype 1 
Figure 5.8 shows the comparison between the estimated torque based on flow rate 
measurement and the shaft torque based on the force measurement taken from the 
stationary test unit shown in Figure 4.7, the stationary test procedure used to conduct this 
test is explained in section 4.3.1 of Chapter 4, ideally both these torques should be equal. 
Figure 5.8 further shows the minimum amount of water flowing through the SRT 
prototype 1 at different supply pressures at stationary conditions. The SRT prototype1 
has a mean turbine diameter of 243 mm and the total exit nozzle area of 0.00144m². 
When the turbine is stationary, the flow rate depends on the supply pressure and total exit 
nozzle area. When the turbine is stationary, there is no centrifugal pumping effect in 
action. The stationary flow rate data is used to estimate the theoretical stationary torque 
(estimated torque) based on the flow rate and estimated exit velocity of the water jet. As 
discussed in Chapter 2, the estimated torque of turbine is a product of total mass flow 
rate, turbine radius and absolute velocity of the water leaving the nozzles (see equation 
2.9, Chapter 2).  
For example, from Table 5.6 and Figure 5.8 at 25kPa pressure the volume flow 
rate of water flowing through the turbine is 9.926L/s. Assuming the density of water @ 
20°C equal to 1000kg/m³ the mass flow rate is equal to m& = 9.926kg/s. Further, as the 
turbine is stationary the relative velocity and the absolute velocity of the water jet are 
equal. Here it is assumed that all water particles leave the turbine tangentially like a solid 
water jet. Therefore, the absolute velocity of water leaving the nozzles is equal to, 
893.6
00144.0
10926.9 3
=
×
=
−
aV  m/s 
Radius of the SRT prototype 1 is equal to 121.5mm. 
Therefore, the estimated torque is equal to 
NmRVmT aestimated 312.81215.0893.69.9 =××== &   
As discussed in section 4.3.1 of chapter 4 the shaft torque gT  is measured using a 
force sensor (load cell) connected to the turbine shaft through the torque arm of 0.19m 
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length. Table 5.6 shows the force measurements for different pressures and the 
corresponding flow rates. The shaft torque is calculated from the measured data, for 
example from Table 5.6 at 25kPa pressure 41.27N of force is acting on the torque arm of 
0.19m length.  
Therefore, NmTshaft 84.719.027.41 =×=  
Table 5.6 Measured flow rate and force transducer readings at different pressures for 
SRT prototype 1 
SRT Prototype 1 (Ø243mm) 
Torque arm = 0.19m 
Obs. 
No. 
 
Pressure gauge 
reading 
(kPa) 
Time required for 32.0 mV =  
water flow through turbine 
t  (Sec) 
Force transducer 
reading 
Farm (N) 
1 10 31.61 16.74 
2 15 25.87 24.90 
3 20 22.47 33.00 
4 25 20.15 41.27 
5 30 18.45 48.41 
6 35 17.13 57.05 
7 40 16.07 64.24 
8 45 15.20 72.67 
9 50 14.46 81.52 
10 55 13.83 89.20 
Theoretically the measured shaft torque should be equal to the estimated torque. 
However, it can be seen from Figure 5.8 that the measured shaft torque is less then the 
estimated torque and this deviation is very consistent. This deviation in two torque values 
is attributed to number of factors namely instrumental uncertainty, uncertainty in the 
estimation of the total exit nozzle area and the assumption that all water particles leave 
the turbine tangentially. In reality, it was seen during the stationary test that the exit water 
jet scatters while it leaves the turbine nozzles and does not leave as a solid stream jet. 
This scattering of the water jet produces less torque as compared to the solid stream water 
jet.  
The percentage difference in the estimated and the measured shaft torque over the 
range of pressure is estimated to be approximately −6% (see Table -  C-1, Appendix C). 
While the uncertainty analysis of the measured data shows a relative uncertainty of 
±4.41% in the estimation of the estimated torque based on the flow rate (see Table - C-6, 
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Appendix C) and a relative uncertainty of ±1.13% in the estimation of shaft torque (see 
Table – C-7, Appendix C). 
 
Figure 5.8 Comparison between shaft torque and estimated torque for SRT prototype 1 
Figure 5.9 shows the estimated k-factor for stationary condition for different exit 
velocities at different supply pressures. When the turbine is stationary the value of k-
factor increases with increase in supply pressure, this is due to increase in flow rate and 
in turn the velocity of the water leaving the exit nozzles at higher pressures. As discussed 
in Chapter 2 the k-factor represents the fluid frictional power loss associated with the 
turbine and exit nozzles. When the turbine is stationary (i.e. ω=0) there is no centrifugal 
pumping effect so for the given turbine geometry the value of k-factor will remain 
constant for a constant supply pressure. The k-factor is estimated from the data measured 
during the stationary test of SRT prototype 1 and using equation 2.39 from Chapter 2. 
This information is important for SRT computer modelling and performance prediction. 
 98 
 
Figure 5.9 Experimentally estimated k-factor at different pressures for SRT prototype 1 
For example, at 25kPa pressure (approximately 2.5m water head), the estimated 
mass flow rate is 9.926kg/s and the angular speed is zero as the turbine is stationary (i.e. 
ω=0). The mean turbine radius is 121.5mm and the total exit nozzle area for SRT 
prototype 1 is 0.00144m². The exit velocity is equal to the total volume flow rate (m³/s) 
divided by the total exit nozzle area, thus the exit velocity at 25kPa is equal to 6.893m/s 
as seen in Figure 5.9. 
Therefore @ 25kPa, 
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5.5 Performance characteristics of SRT prototype 1 
Figure 5.10 shows the electrical power and flow rate characteristics of SRT 
prototype1 at constant supply pressure with V-ring rotary seal arrangement as shown in 
Figure 3.17 in Chapter 3 which is attached at the inlet to prevent any water leakage. SRT 
prototype 1 has the mean turbine diameter of 243mm and total exit turbine nozzle area of 
0.00144m² as discussed in design and manufacture of SRT prototype 1 in section 3.2.2.2 
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of Chapter 3. It can be seen from Figure 5.10 that at constant supply pressure the water 
flow rate increases with increase in rotational speed. This is due to the effect of 
centrifugal pumping as discussed in the theoretical analysis of simple reaction turbine in 
Chapter 2. The governing equation for the mass flow rate when the turbine is rotating is 
written as
k
RgHA
m
+
+
=
•
1
2 22ωρ
.  It can be seen from Figure 5.10 that the effect of static 
head on the flow rate diminishes at high rotational speed. 
 
Figure 5.10 Measured electrical power and flow rate characteristics of SRT prototype 1 
with V-ring lip seal at the inlet 
It is clear from the experimental results shown in Table 5.2 and Table 5.7 that 
SRT prototype 1 spins at higher speeds than CPT at same supply pressures (head), this is 
mainly due to smaller turbine diameter. The SRT design has the advantage of flexibility 
to vary the turbine diameter without having to vary the total exit nozzle area and vice 
versa. 
The flow rate data collected from the power test of the SRT is used to estimate the 
dynamic k-factor. Figure 5.10 also shows the maximum power point for SRT prototype 1 
at 20kPa and 50kPa supply pressures. For 20kPa supply pressure the maximum electrical 
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power of 105.7W is produced at about 535rpm and at 50kPa supply pressure the 
maximum electric power is 447.8W @ 688rpm. So it can be said that the maximum 
power point (MPP) for SRT prototype 1 depends on the supply pressure and as the supply 
pressure is increased the MPP shifts to a higher rotational speed. Further it can be seen 
from Figure 5.10 that at 50kPa supply pressure the electrical power output at 520rpm is 
409W and at 869rpm is 428W (almost constant and very close to MPP). From these 
observations, it can be said that SRT prototype 1 has an optimum operating speed 
between 500rpm to 900rpm at 50kPa. So SRT prototype 1 design is suitable for 
installation at micro-hydro site with net head of 5m (≈50kPa). At 5m head SRT prototype 
1 can generate 50 Hz AC when coupled with 8 pole electrical generator operating at 
750rpm.  
Table 5.7 Estimated electrical power and flow rate data for SRT prototype 1 with V-ring 
seal arrangement 
Supply 
Pressure 
(kPa) 
Speed 
(rpm) 
Time required for 
0.4m³ of water to 
flow through the 
turbine (s) 
Gen. 
Output 
Voltage 
(Volt) 
Gen. 
Output 
Current 
(Amp) 
Flow Rate 
(L/s) 
Flow rate 
(m³/s) 
Electrical 
Power (W) 
20 860 23.24 75.5 0 17.22 0.0172 0.0 
20 772 24.96 71.2 0.75 16.01 0.0160 53.4 
20 705 26.47 63.0 1.24 15.11 0.0151 78.1 
20 637 28.15 57.2 1.67 14.21 0.0142 95.5 
20 596 29.20 52.5 1.95 13.67 0.0137 102.6 
20 535 30.93 46.4 2.28 12.91 0.0129 105.7 
20 449 33.55 39.5 2.66 11.88 0.0119 105.1 
20 375 36.03 33.6 3.02 11.08 0.0111 101.4 
20 320 37.95 27.6 3.42 10.53 0.0105 94.5 
20 267 39.65 22.6 3.87 10.07 0.0101 87.3 
20 216 41.27 16.8 4.35 9.68 0.0097 73.2 
20 169 42.51 12.2 4.91 9.39 0.0094 59.9 
Supply 
Pressure 
(kPa) 
Speed 
(rpm) 
Time required for 
0.4m³ of water to 
flow through the 
turbine (s) 
Gen. 
Output 
Voltage 
(Volt) 
Gen. 
Output 
Current 
(Amp) 
Flow Rate 
(L/s) 
Flow rate 
(m³/s) 
Electrical 
Power (W) 
50 1341 15.46 131.2 0.00 25.47 0.0255 0.0 
50 1228 16.38 114.9 1.15 24.13 0.0241 132.1 
50 1139 17.14 105.9 2.22 23.10 0.0231 235.0 
50 1049 18.00 96.8 3.33 22.05 0.0220 322.6 
50 958 18.98 87.7 4.39 21.02 0.0210 385.0 
50 863 20.08 78.7 5.44 19.93 0.0199 428.3 
50 771 21.13 69.4 6.40 18.91 0.0189 444.0 
50 688 22.20 60.8 7.37 18.01 0.0180 447.8 
 101 
50 599 23.41 51.3 8.56 17.12 0.0171 439.0 
50 520 24.46 43.1 9.49 16.39 0.0164 409.0 
50 423 25.71 33.0 10.77 15.58 0.0156 355.1 
50 350 26.58 25.0 11.77 15.06 0.0151 294.2 
50 256 27.62 17.3 12.83 14.51 0.0145 222.2 
 
Figure 5.11 Measured electrical power and flow rate characteristics of SRT prototype 1 
with mechanical seal NMS at the inlet 
SRT prototype 1 is also tested with the nylon mechanical seal arrangement 
connected at the inlet to prevent water leakage. Figure 5.11 and Table 5.8 shows the 
electrical power and flow rate characteristics of the SRT prototype1 at constant supply 
pressure with the mechanical seal attached at the inlet. Preliminary observations of Figure 
5.10  and Figure 5.11 shows that SRT prototype1 produces more electrical power and 
spins faster with the NMS arrangement as compared to the V-ring lip seal arrangement. 
This shows that the NMS has less frictional power loss as compared to V-ring seal. The 
rotary seal power loss test results are discussed in the following section. Most 
importantly, it is observed that both V-ring lip seal and NMS arrangement perform 
excellently in the prevention of water leaks.  
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Table 5.8 Measured electrical power and flow rate data for SRT prototype 1 with NMS 
arrangement 
Supply 
Pressure 
(kPa) 
Speed 
(rpm) 
Time required for 
0.4m³ of water to 
flow through the 
turbine (s) 
Gen. 
Output 
Voltage 
(Volt) 
Gen. 
Output 
Current 
(Amp) 
Flow Rate 
(L/s) 
Flow rate 
(m³/s) 
Electrical 
Power (W) 
20 908 22.37 85.53 0.31 17.84 0.0178 26.70 
20 778 24.85 73.29 1.07 16.07 0.0161 78.22 
20 688 26.86 64.81 1.56 14.86 0.0149 101.21 
20 634 28.21 59.71 1.82 14.15 0.0142 108.82 
20 572 29.87 53.90 2.09 13.36 0.0134 112.79 
20 513 31.59 48.36 2.33 12.64 0.0126 112.64 
20 435 34.05 40.97 2.65 11.72 0.0117 108.69 
20 374 36.08 35.19 2.93 11.06 0.0111 103.16 
20 317 38.00 29.82 3.19 10.51 0.0105 95.19 
20 255 40.02 24.02 3.52 9.98 0.0100 84.48 
20 198 41.74 18.65 3.84 9.57 0.0096 71.53 
20 150 42.98 14.13 4.22 9.29 0.0093 59.58 
Supply 
Pressure 
(kPa) 
Speed 
(rpm) 
Time required for 
0.4m³ of water to 
flow through the 
turbine (s) 
Gen. 
Output 
Voltage 
(Volt) 
Gen. 
Output 
Current 
(Amp) 
Flow Rate 
(L/s) 
Flow rate 
(m³/s) 
Electrical 
Power (W) 
50 1365 15.55 128.58 1.04 25.66 133.49 0.0257 
50 1223 16.63 115.19 2.72 24.01 313.12 0.0240 
50 1135 17.36 106.94 3.64 23.00 389.70 0.0230 
50 1046 18.17 98.55 4.57 21.97 450.14 0.0220 
50 952 19.12 89.65 5.44 20.88 487.87 0.0209 
50 857 20.15 80.76 6.32 19.81 510.53 0.0198 
50 767 21.20 72.27 7.08 18.83 511.63 0.0188 
50 689 22.17 64.89 7.78 18.00 504.67 0.0180 
50 599 23.34 56.41 8.51 17.11 480.04 0.0171 
50 524 24.32 49.36 9.06 16.41 447.25 0.0164 
50 423 25.63 39.85 9.78 15.58 389.64 0.0156 
50 341 26.61 32.14 10.24 15.00 328.98 0.0150 
50 264 27.44 24.90 10.60 14.55 263.83 0.0145 
5.5.1 Fluid frictional loss characteristics (k-factor) 
Figure 5.12 and Figure 5.13 shows the characteristic curves of the estimated k-
factor for SRT prototype 1. As discussed in Chapter 2 the k-factor represents the fluid 
frictional power losses and is a function of rotational speed and flow rate. While the 
relative velocity of the exiting water jets is directly proportional to the flow rate, with the 
increase in rotational speed, the flow rate increases due to centrifugal pumping effect and 
so does the relative velocity. A linear increase in the value of k-factor with relative 
velocity is observed from Figure 5.12 and Figure 5.13. It can be said from Figure 5.12 
and Figure 5.13 that the dependency of k-factor on the relative velocity is more 
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prominent at higher rotational speeds because more water tends to flow through the same 
exit nozzle area of the turbine at constant supply pressure due to the centrifugal pumping 
effect. It can be seen from Figure 5.12 and Figure 5.13 that the increasing trend of k-
factor in the stationary test and the rotary power test is very similar.  
 
Figure 5.12 Estimated k-factor characteristics of SRT prototype 1 with V-ring lip seal at 
the inlet 
 
Figure 5.13 Estimated k-factor characteristics of SRT prototype 1 with mechanical seal 
NMS at the inlet 
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Table 5.9 shows the estimated values of 
rV , aV , U  and the estimated values for 
the corresponding k-factor. The k-factor is estimated using equation 2.39 (see Chapter 2) 
and the experimental data collected from power test carried on SRT prototype-1. 
Following is a solved example of k-factor estimation at 50kPa supply pressure and 1049 
rpm as shown in Table 5.9. The effective turbine radius is 0.1215m. 
( )
( ) ( )
( ) 1708.014.15
8.1091215.050212 2
22
2
22
=−
×+×
=−
+
=
r
V
RgHk ω  
The tendency of increase in the value of k-factor with increase in relative velocity 
is confirmed from repeated experiments and data analysis. The variation of k-factor is 
more dependent on relative velocity (
rV ) and is a weak function of supply pressure 
(Head). The frictional power loss is proportional to the square of relative velocity even if 
k-factor is constant. The fact that k-factor is increasing with 
rV , means fluid frictional 
power loss increases even more than usual with increase in 
rV . Values of k-factor at very 
high relative velocities can be predicted through a stationary turbine test by simulating 
flow rates that are achieved at high rotational speeds using high pressure pumps. These 
predictions of k-factor can be then used as a basis for computer modeling of a SRT for 
real life installations at different low head hydro sites.  
Table 5.9 Estimated values of k-factor at different rotational speeds and corresponding 
relative velocity of the exit jet for SRT prototype 1 with V-ring seal 
Supply pressure 
(kPa) 
Flow rate 
(m³/s) 
Speed 
(rpm) 
Vr 
(m/s) 
U 
(m/s) 
Va 
(m/s) k-factor 
20 0.0172 860 11.93 10.94 0.99 0.1217 
20 0.0160 772 11.11 9.82 1.29 0.1057 
20 0.0151 705 10.47 8.97 1.51 0.0974 
20 0.0142 637 9.85 8.10 1.75 0.0886 
20 0.0137 596 9.49 7.58 1.92 0.0807 
20 0.0129 535 8.96 6.81 2.16 0.0742 
20 0.0119 449 8.26 5.71 2.56 0.0627 
20 0.0111 375 7.70 4.77 2.92 0.0604 
20 0.0105 320 7.31 4.06 3.24 0.0590 
20 0.0101 267 6.99 3.39 3.60 0.0533 
20 0.0097 216 6.72 2.74 3.97 0.0533 
20 0.0094 169 6.52 2.15 4.37 0.0491 
Supply pressure 
(kPa) 
Flow rate 
(m³/s) 
Speed 
(rpm) 
Vr 
(m/s) 
U 
(m/s) 
Va 
(m/s) k-factor 
50 0.0258 1341 17.94 17.05 0.88 0.2149 
50 0.0244 1228 16.92 15.61 1.31 0.2000 
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50 0.0233 1139 16.17 14.48 1.69 0.1838 
50 0.0222 1049 15.40 13.34 2.07 0.1708 
50 0.0210 958 14.61 12.18 2.43 0.1640 
50 0.0199 863 13.81 10.98 2.83 0.1565 
50 0.0189 771 13.12 9.81 3.31 0.1405 
50 0.0180 688 12.49 8.75 3.74 0.1317 
50 0.0171 599 11.84 7.61 4.23 0.1267 
50 0.0163 520 11.33 6.61 4.72 0.1191 
50 0.0155 423 10.78 5.37 5.41 0.1081 
50 0.0150 350 10.43 4.45 5.98 0.1016 
50 0.0145 256 10.04 3.26 6.78 0.0980 
5.5.2 Power loss characteristics  
Figure 5.14 shows the individual power loss characteristics of the DC motor, V-
ring rotary seal and the SRT prototype 1 air drag operating at two sample pressures of 
20kPa and 50kPa. It can be seen from Figure 5.14 that the frictional power loss increases 
with increase in the supply pressure, this is due to increase in the surface contact force 
between the V-ring lip and the rotating stainless steel ring attached to the inlet port of the 
turbine as illustrated in Figure 3.17 of Chapter 3. These power loss values are added to 
the electrical power generated at given supply pressure and respective speeds to get the 
actual shaft power produced by the turbine as discussed in section 4.6 of Chapter 4.  
 
Figure 5.14  Power loss curves for SRT prototype 1 with V-ring lip seal (V-ring friction 
plus turbine air drag) 
 106 
As shown in Figure 5.14 the second order polynomials are drawn to fit the 
individual power loss curves and then the equations for each of these polynomial curves 
are used to estimate the exact value of power loss at different rotational speeds. For 
example as shown in Figure 5.14, power loss associated with V-ring lip seal operating at 
50kPa is represented by 26.165+0.0508x+0.00003x 2=y (here y is the power loss in V-
ring lip seal and x is the corresponding rotational speed). After the comparison of Figure 
5.5 and Figure 5.14 it can be said that SRT prototype1 has less air drag as compared to 
the CPT design, this is due to the disk like shape of SRT prototype 1. The V-ring rotary 
seal arrangement are suitable for micro-hydro applications as they are readily available 
and are very inexpensive. A 100mm V-ring lip seal made by SKF costs approximately 
Australian $6 (retail price). 
 Figure 5.15 shows the individual frictional power loss curves for DC motor, 
mechanical seal (NMS) and turbine drag. The mechanical seal (NMS) does not require 
water pressure for its operation as did the V-ring rotary lip seal arrangement and so the 
frictional power loss associated with it is independent of the supply pressure and only 
varies with rotational speed. Further from Figure 5.14 and Figure 5.15, it can be said that 
the NMS arrangement has much less frictional power loss as compared to the V-ring 
rotary seal arrangement. However, the V-ring lip seal is cheaper to purchase and easier to 
install.  
As shown in Figure 5.15 second order polynomials are drawn to fit individual 
power loss curves and then the equations for each of these polynomial curves are used to 
estimate the values of power loss at different rotational speeds. Then these power loss 
values are added to the electrical power generated for respective speeds to get the actual 
turbine power produced by the turbine as discussed in section 4.6 of Chapter 4. The 
experiments have showed that both V-ring lip seal arrangement and NMS arrangement 
have excellent performance in preventing water leak at the rotary inlet joint. The only 
advantage of NMS arrangement over V-ring rotary seal arrangement is less frictional 
power loss. The disadvantage of NMS arrangement is that they are expensive and not 
readily available. 
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Figure 5.15 Power loss curves for SRT prototype 1 with mechanical seal (mechanical 
seal friction plus turbine air drag) 
5.5.3 Turbine power and turbine efficiency  
Table 5.10 and Table 5.11 show sample performance data of SRT prototype 1 
operating at 50kPa pressure with V-ring rotary seal arrangement and NMS arrangement 
respectively. In Table 5.10 and Table 5.11 
•
TW represents the actual turbine power 
(mechanical power) produced by the turbine, •EW represents the electrical power 
generated by the DC generator and lossW
•
 represents the power loss in the DC generator, 
rotary seal and turbine air drag. As discussed in Chapter 4 the turbine power is estimated 
by adding the sum of power loss in DC generator, rotary seal and turbine air drag to the 
electrical power output from the generator. For example from Figure 5.14 at 50 kPa 
supply pressure and 599 rpm the individual power loss components are calculated as 
follows, 
Power loss in V-ring lip seal @ 50 kPa and 599 rpm is, (100 mm diameter V-ring 
seal) Wy 35.6726.165+599*0.0508+599*0.00003 2 ==  
Power loss in turbine air drag at 599 rpm is, 
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Wy 14.130.3212+599*0.019 +599*0.000004 2 ==  
Power loss in DC motor/generator at 599 rpm is, 
Wy 04.232.59 - 599*0.0392 + 599*0.000006 2 ==  
Therefore the sum of total power loss is equal to 67.35+13.14+23.04 = 103.53W 
this is added to the measured electrical power of 439W@599rpm to get the turbine power 
of 542.53W@599rpm, as shown in Table 5.10. 
Table 5.10 Estimated power outputs and energy conversion efficiencies for SRT  
prototype 1 at 50 kPa supply pressure with V-ring lip seal (sample) 
Supply 
pressure 
(kPa) 
Flow Rate 
(L/sec) 
Turbine 
Speed 
(rpm) 
Electrical 
Power 
•
EW  
(W) 
Total 
power 
Loss 
•
LossW  
(W) 
Turbine 
Power 
•
TW  
(W) 
Turbine 
efficiency 
% 
ghm
W T
t •
•
=η  
Overall 
efficiency 
% 
ghm
W E
o •
•
=η  
50 25.83 1341 0.0 242.0 242.00 18.74 0.00 
50 24.37 1228 132.1 218.0 350.11 28.73 10.84 
50 23.29 1139 235.0 199.9 434.86 37.34 20.18 
50 22.18 1049 322.6 182.2 504.79 45.51 29.09 
50 21.04 958 385.0 165.0 550.03 52.29 36.60 
50 19.88 863 428.3 147.8 576.04 57.94 43.08 
50 18.89 771 444.0 131.8 575.78 60.97 47.01 
50 17.98 688 447.8 117.8 565.64 62.90 49.80 
50 17.05 599 439.0 103.5 542.53 63.63 51.49 
50 16.32 520 409.0 91.4 500.39 61.32 50.12 
50 15.53 423 355.1 77.1 432.18 55.66 45.73 
50 15.02 350 294.2 66.9 361.16 48.10 39.19 
50 14.45 256 222.2 54.4 276.61 38.28 30.75 
Table 5.11 Estimated power outputs and energy conversion efficiencies for SRT  
prototype 1 at 50 kPa supply pressure with NMS arrangement (sample) 
Supply 
pressure 
(kPa) 
Flow Rate 
(L/sec) 
Turbine 
Speed 
(rpm) 
Electrical 
Power 
•
EW  
(W) 
Total 
power 
Loss 
•
LossW  
(W) 
Turbine 
Power 
•
SW  
(W) 
Turbine 
efficiency 
% 
ghm
W T
t •
•
=η  
Overall 
efficiency 
% 
ghm
W E
o •
•
=η  
50 25.70 1365 133.49 125.18 258.67 20.13 10.39 
50 24.04 1223 313.12 111.84 424.96 35.36 26.05 
50 22.94 1135 389.70 103.63 493.32 43.02 33.98 
50 21.93 1046 450.14 95.27 545.41 49.74 41.06 
50 20.81 952 487.87 86.41 574.28 55.19 46.89 
50 19.81 857 510.53 77.55 588.08 59.37 51.54 
 109 
50 18.86 767 511.63 69.10 580.73 61.59 54.26 
50 18.03 689 504.67 61.75 566.42 62.84 55.99 
50 17.07 599 480.04 53.31 533.35 62.49 56.24 
50 16.41 524 447.25 46.29 493.54 60.14 54.50 
50 15.58 423 389.64 36.82 426.46 54.76 50.03 
50 15.00 341 328.98 29.14 358.12 47.75 43.87 
50 14.54 264 263.83 21.93 285.76 39.31 36.30 
Figure 5.16 and Figure 5.17 shows the turbine efficiency and the overall 
efficiency of SRT prototype 1. It can be seen that at 50 kPa supply pressure the peak 
overall efficiency with V-ring rotary seal arrangement is about 51%, where as that with 
NMS arrangement the peak overall efficiency increases to around 57%. This increase in 
overall efficiency can be attributed to the less frictional power loss in NMS arrangement. 
Further, it can be seen from Figure 5.16 and Figure 5.17 that at 20kPa supply pressure the 
overall efficiency of SRT prototype 1 with V-ring rotary seal arrangement is better than 
NMS arrangement. This observation shows that the NMS arrangement has better 
performance when used at higher supply pressures than the V-ring rotary seal 
arrangement.  
 
 
Figure 5.16 Estimated turbine efficiency and electrical efficiency characteristics of SRT 
prototype 1 with V-ring lip seal at the inlet 
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Further the SRT prototype1 demonstrates high energy conversion efficiency as 
compared to the CPT design, Barkers mill simple reaction water turbine and the simple 
reaction water turbines developed at RMIT in earlier development projects (Webb, 1999, 
Quek, 2003). SRT prototype-1 can convert low head hydro energy to mechanical energy 
with an efficiency of around 61% to 63%. SRT prototype 1 shows constant turbine 
efficiency characteristics over a wide range of rotational speeds, i.e. from Figure 5.16 at 
20kPa and 370rpm turbine efficiency is about 60%, similarly at 50kPa and 800rpm the 
turbine efficiency is still 60%. This makes the SRT design a very flexible option to be 
used for power production from a wide range of low head resources as an alternative to 
the present commercially available micro-hydro turbines.  
 
Figure 5.17 Estimated turbine efficiency and electrical efficiency characteristics of SRT 
prototype 1 with mechanical seal NMS at the inlet 
5.5.4 Energy balance analysis  
Energy balance analysis is done to verify the accuracy and dependable of the 
experimental data and procedures. Figure 5.18 and Figure 5.19 shows the energy balance 
of sample data from the performance tests conducted on the SRT prototype 1, this is 
based on the governing equation 2.36 as discussed in Chapter 2. The energy input is 
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estimated from the measured flow rate and the measured supply pressure as gHm
•
. The 
mechanical turbine power is estimated as discussed earlier in section 5.3.3 and in section 
4.5 of Chapter 4. The fluid frictional power loss is estimated from the measured flow rate, 
estimated k-factor and estimated relative velocity as 2
2
1
rkVm
•
. And the kinetic power lost 
with the water leaving the turbine is estimated from the measured flow rate and estimated 
absolute velocity as 2
2
1
aVm
•
. For example it can be seen from Figure 5.18 and Table 5.10 
at 688rpm the input power is 899.2W, where as the sum of output is equal to the 
876.23W, this shows that there is an error of 22.9W in the estimation (i.e. ≈ 3%). This 
error may be due to instrumentation uncertainty and the fact that the turbine rotates in wet 
environment (water drops splashing) while producing power where as the turbine air drag 
power loss is estimated only in normal atmospheric air and there will be small amount of 
unaccounted power loss present there. Overall, the energy balance around the maximum 
power point and the maximum efficiency point is within ±7%.  
Table 5.12 Estimated power outputs and energy conversion efficiencies for SRT 
prototype-1 at 50 kPa supply pressure with V-ring lip seal (sample) 
Supply 
pressure 
(kPa) 
Turbine 
Speed 
(rpm) 
Turbine 
power 
TW
•
 
(W) 
+ 
Fluid 
Frictional 
loss 
FfW
•
 
(W) 
+ 
Kinetic 
power 
loss 
KeW
•
 
(W) 
= 
Sum of 
output 
power 
OutW
•
 
(W) 
≈ 
Input 
hydro 
power 
InW
•
 
(W) 
50 1341 242.00 + 892.65 + 10.06 = 1144.70 ≈ 1291.4 
50 1228 350.11 + 697.97 + 21.01 = 1069.09 ≈ 1218.5 
50 1139 434.86 + 559.93 + 33.41 = 1028.19 ≈ 1164.5 
50 1049 504.79 + 449.56 + 47.49 = 1001.84 ≈ 1109.1 
50 958 550.03 + 368.15 + 61.91 = 980.09 ≈ 1051.9 
50 863 576.04 + 296.57 + 79.69 = 952.30 ≈ 994.1 
50 771 575.78 + 228.29 + 103.31 = 907.38 ≈ 944.4 
50 688 565.64 + 184.69 + 125.90 = 876.23 ≈ 899.2 
50 599 542.51 + 151.45 + 152.32 = 846.27 ≈ 852.6 
50 520 500.39 + 124.79 + 181.79 = 806.98 ≈ 816.0 
50 423 432.18 + 97.60 + 227.36 = 757.13 ≈ 776.5 
50 350 361.16 + 82.94 + 268.41 = 712.52 ≈ 750.8 
50 256 276.61 + 71.31 + 332.26 = 680.19 ≈ 722.6 
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Figure 5.18 Energy balance analysis of SRT prototype 1 with V-ring lip seal at the inlet 
 
 
Figure 5.19 Energy balance analysis of SRT prototype 1 with mechanical seal NMS at 
inlet 
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The instrumental uncertainty analysis shows the relative uncertainty of ±4.98% in 
the estimation of the total output power KeFfTOut WWWW
••••
++=  and a relative 
uncertainty of ±2.70% in the estimation of the hydro input power InW
•
 (see Table - C-17, 
Appendix C), making the net instrumental uncertainty of ±7.7 %. After considering this 
fact of relative instrumental uncertainty of ±7.7% and some amount of unaccounted 
power loss in turbine drag estimation in wet environment, it can be said that the overall 
energy balance analysis shows good confidence in the experimental data measurements 
and procedures used in the performance testing of the SRT prototype1.  
5.6 Stationary performance characteristics of SRT prototype 2 
Figure 5.20 shows the comparison between the estimated torque based on flow 
rate measurement and the shaft torque based on the force measurement taken from the 
stationary test unit shown in Figure 4.7, the stationary test procedure used to conduct this 
test is explained in section 4.3.1 of Chapter 4. Ideally, both the estimated and measured 
torque values should be equal. Figure 5.20 also shows the minimum amount of water 
flow through the SRT prototype 2 at different pressures. SRT prototype2 has a mean 
rotor diameter of 125mm (effective turbine diameter of 123.1mm, due to the exit nozzles 
oriented at 10° angle to tangent, see section 3.2.2.3 of Chapter 3) and total turbine nozzle 
exit area of 0.00192m² at stationary conditions. When the SRT is stationary the flow rate 
depends on the supply pressure and total nozzle exit area, as there is no centrifugal 
pumping effect present. The stationary flow rate data is used to estimate the theoretical 
stationary torque (estimated torque) based on the flow rate and estimated exit velocity of 
the water jet. As discussed in Chapter 2, the estimated turbine torque (see equation 2.9, 
Chapter 2) is a product of total mass flow rate, turbine radius and absolute velocity of the 
water leaving the nozzles (absolute velocity equals relative velocity at stationary 
condition).  
For example, from Table 5.13 and Figure 5.20 at 25kPa pressure the volume of 
water flowing through the turbine is 13.17L/s; taking the density of water @ 20°C as 
1000kg/m³ the mass flow rate will be equal to m& = 13.17kg/s. 
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Table 5.13 Measured flow rate and force transducer readings at different pressures for 
SRT prototype 2 with exit nozzle width of 8mm 
SRT Prototype 2 (Ø125mm, nozzle width 8mm) 
Torque arm = 0.211m 
Obs. 
No. 
 
Pressure gauge 
reading 
(kPa) 
Time required for 31.0 mV =  
water flow through turbine 
t  (Sec) 
Force transducer 
reading 
Farm (N) 
1 5 16.85 5.06 
2 10 11.93 10.08 
3 15 9.77 15.03 
4 20 8.47 20.09 
5 25 7.59 24.79 
6 30 6.94 29.95 
7 35 6.44 35.12 
8 40 6.04 40.33 
9 45 5.70 44.69 
Therefore, the absolute velocity (exit velocity) of water leaving the nozzles will 
be equal to, 86.6
00192.0
1017.13 3
=
×
=
−
aV  m/s 
Mean effective radius of this turbine is equal to 61.5mm. 
Therefore the estimated torque is equal to, 
NmRVmT aestimated 511.50615.086.62.13 =××== &  
As discussed in chapter 4 the shaft torque is measured using a force transducer 
(load cell with strain indicator) connected to the turbine shaft with a torque arm of 
0.211m length. Table 5.13 shows the force measurements for different pressures and the 
corresponding flow rates. The shaft torque is calculated from this measured data, for 
example from Table 5.13 at a pressure of 25kPa the measured force acting on the torque 
arm of 0.211m length is 24.79N.  
Therefore, NmTshaft 23.5211.079.24 =×=  
Figure 5.20 shows comparison between the estimated torque and the measured 
shaft torque for the stationary condition. Theoretically, the measured shaft torque should 
be equal to the estimated torque. It can be seen from Figure 5.20 that the measured shaft 
torque is very close to the estimated torque and any deviation is very small and 
consistent. For the SRT prototype2 the exit nozzle is designed with 6mm jet guidance 
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(split pipe overlap, see Figure 3.13 in Chapter 3), this nozzle guide helps the water to 
leave the turbine as a solid stream jet. To some extent, this goal seems to be fulfilled, as 
there is very small deviation in the measured and estimated torque values. As compared 
to the SRT prototype1 the SRT prototype2 shows better match of measured and estimated 
torque values. Any small deviation in two torque values is attributed to instrumental error 
and the inaccuracy in the estimation of the actual total exit nozzle area. The uncertainty 
analysis of the measured data from this experiment shows a relative uncertainty of 
±5.68% in the estimation of the estimated torque based on the measured flow rate and a 
relative uncertainty of ±1.11% in the estimation of shaft torque (see Table - C-11, 
Appendix C). 
 
Figure 5.20 Torque comparison and minimum flow rates at different pressures for SRT 
prototype 2 with exit nozzle width of 8mm 
Figure 5.21 shows the estimated k-factor for the stationary condition at different 
pressures. When the turbine is stationary the value of k-factor increases with increase in 
supply pressure, this is due to increased flow rate, this results in increase in the velocity 
of the water leaving the exit nozzles. As discussed in Chapter 2 the k-factor represents the 
fluid frictional power loss associated with the turbine body and exit nozzles. When the 
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turbine is stationary (i.e. ω=0) there is no centrifugal pumping effect so for the given 
turbine geometry the value of k-factor will remain constant for the given supply pressure. 
The k-factor is estimated from the stationary test results and using equation 2.39 from 
Chapter 2. It can be seen that even for stationary condition value of k-factor increases 
with higher exit velocity. This information is valuable for SRT computer modelling and 
performance prediction.  
For example, at a pressure of 25kPa (i.e. mH 5.2≈ ), the flow rate is 13.17L/s and 
angular speed if zero as the turbine is stationary (i.e. ω=0). The effective mean turbine 
radius is 61.5mm and the total exit nozzle area is 0.00192m². Here the exit velocity is 
equal to the total flow rate divided by the total exit nozzle area, making the exit velocity 
at 25kPa equal to 6.86m/s as shown in Figure 5.21. 
Therefore, 
062.01
00192.0*1000
17.13
025212 22
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Figure 5.21 Experimentally estimated k-factor for SRT prototype 2 with exit nozzle width 
of 8mm 
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5.7 Performance characteristics of rotating SRT prototype 2  
Figure 5.22 and Figure 5.23 shows the electrical power and flow rate 
characteristics of SRT prototype 2 (SRT-125D-120L-8W) at two sample supply pressures 
with V-ring rotary seal arrangement and NMS arrangements as discussed in  Chapter 3 
(Figure 3.17 and Figure 3.19). The test procedure used to conduct this power test is 
explained in section 4.4 of Chapter 4. SRT prototype 2 has a mean effective turbine 
diameter of 123mm and total exit nozzle area of 0.00192m² (120mm x 8mm x 2 nozzles). 
The centrifugal pumping action is evident from the rising water flow rate at constant 
supply pressure at increased rotational speed as seen from Figure 5.22 and Figure 5.23. 
As predicted in the theoretical analysis (see Figure 2.7 of Chapter 2) at high speeds the 
flow rate tends to become almost a linear function of rotational speed. Further, it is also 
observed that the effect of hydro static pressure (head) on the flow rate diminishes at 
higher rotational speeds, the projected flow rate curves are seen to come closer as if 
eventually at some very high speed they would merge. This trend of flow rates merging is 
predicted in the theoretical analysis shown in Figure 2.7 of Chapter 2. As discussed in the 
theoretical analysis of simple reaction turbine in Chapter 2 the governing equation for the 
mass flow rate is written as
k
RgHA
m
+
+
=
•
1
2 22ωρ
.  
The flow rate data collected from this power test of the SRT prototype2 is used to 
estimate the dynamic k-factor. Figure 5.22 also shows the maximum power point for 
SRT-125D-120L-8W at 13.79kPa and 41.37kPa supply pressures. For 13.79kPa supply 
pressure the maximum electrical power of 80W is produced at about 600rpm, where as at 
41.37kPa the maximum electrical power of 458W is produced at about 1300rpm. This 
shows that the maximum power point (MPP) of SRT prototype 2 depends on the supply 
pressure and is seen to shift to higher speed as the supply pressure is increased. Further it 
is observed from Figure 5.22 that power output remains very constant over a wide range 
of rotational speeds, for example at 41.37kPa supply pressure the electrical power output 
at 900rpm is 395W and at 1500rpm is 410W (almost constant and very close to MPP). 
These observations show that SRT-125D-120L-8W has an optimum operating speed 
range of 900rpm to 1500rpm at 41.37kPa (4.2m head). So SRT prototype 2 can be 
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coupled with a 4 pole electrical generator operating at 1500rpm to produce 50Hz 
electrical power from 4.2m to 5m head hydro source.  
SRT prototype2 tests with NMS arrangement shows more electrical power 
generation at 41.37kPa pressure as compared to the V-ring rotary seal arrangement and 
the turbine spins at faster speed, this is due to less frictional power loss when using NMS 
arrangement as compared to V-ring rotary seal arrangement at high pressure. The 
frictional power loss associated with the NMS arrangement remains constant with respect 
to pressure and so at low pressure of 13.79kPa the electrical power produced when using 
NMS is less then when using V-ring rotary seal arrangement. Most importantly, it is 
observed that both V-ring rotary seal arrangement and NMS arrangement perform 
excellently in the prevention water leakage.  
 
Figure 5.22 Estimated performance characteristics of SRT 125D-120L-8W with V-ring 
seal 
It is clear from the experimental results that SRT prototype2 spins at much higher 
speeds than SRT prototype1 and CPT even at lower supply pressures, this is because SRT 
prototype 2 has smaller turbine diameter. The advantage of SRT design is the flexibility 
of varying the turbine diameter without having to vary the total nozzle area and vice 
versa. 
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Figure 5.23 Estimated performance characteristics of SRT 125D-120L-8W with NMS 
rotary seal 
5.7.1 Fluid Frictional loss characteristics  
Figure 5.24 and Figure 5.25 shows the characteristic curves of the estimated k-
factor for SRT-125D-120L-8W with V-ring rotary seal arrangement and NMS 
arrangements for stationary and rotary conditions. The k-factor represents the fluid 
frictional losses and is a function of relative velocity as discussed in Chapter 2. While the 
relative velocity of the exiting water jets is directly proportional to the flow rate, with the 
increase in rotational speed, the flow rate increases due to centrifugal pumping action and 
so does the relative velocity. The k-factor is seen as a linear function of relative velocity 
from Figure 5.24 and Figure 5.25. The k-factor values are estimated using equation 2.39 
from Chapter 2 and the experimental data collected from the power test conducted out on 
SRT prototype 2 (data tables in Appendix B). Following is a solved example of k-factor 
estimation at 41.37kPa supply pressure and rotational speed of 1001rpm, from Figure 
5.22 the total flow rate corresponding to 1000rpm (41.37kPa) is 20.5L/s. The total exit 
nozzle area of turbine SRT prototype2 under investigation is 0.00192m², so the relative 
velocity of exit jet is 10.7m/s.  
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The increasing trend of k-factor as seen in the stationary tests is also seen from 
the power test results shown in Figure 5.24 and Figure 5.25. Further the values of k-factor 
estimated from stationary test and power test are very close for corresponding relative 
velocity values. The tendency of increase in the value of k-factor and in turn further 
increase in fluid frictional losses with increase in relative velocity is confirmed from 
repeated experiments and data analysis. The variation of k-factor is more dependent of 
relative velocity for 
rV  and is a weak function of supply pressure (Head). Values of k-
factor at very high relative velocities can be predicted through a stationary turbine test by 
simulating flow rates that are achieved at high rotational speeds using high-pressure 
pumps. These predictions of k-factor can be used as a basis for computer modeling of a 
SRT for real life installations at different low head hydro sites. 
 
Figure 5.24 Estimated k-factor characteristics for SRT 125D-120L-8W with V-ring 
rotary seal arrangement 
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Figure 5.25 Estimated k-factor characteristics for SRT 125D-120L-8W with NMS rotary 
arrangement 
5.7.2 Power loss characteristics  
Figure 5.26 shows the individual power loss characteristics of DC motor, V-ring 
rotary seal and the SRT prototype2 drag operating at two sample pressures of 13.79kPa 
and 41.37kPa. It can be seen from Figure 5.26 that the frictional power loss in V-ring 
rotary arrangement increases with increase in the supply pressure. This is due to increase 
in the surface contact force between the V-ring lip and the rotating stainless steel ring 
attached to the inlet port of the turbine as illustrated in Figure 3.17 of Chapter 3. The total 
power loss value is added to the electrical power generated at the given supply pressure 
and given speed to get the turbine power produced as discussed in section 4.6 of Chapter 
4. As shown in Figure 5.26 second order polynomials are drawn to fit individual power 
loss curves and then the equations for each of these polynomial curves is used to estimate 
exact value of power loss at different rotational speeds. It can be seen from the 
comparison of Figure 5.5, Figure 5.14 and Figure 5.26 that the SRT prototype2 has the 
least power loss. This is due to reduced turbine drag as compared to the SRT prototype1 
and CPT design as the SRT prototype2 has a smaller diameter with a disk shape.  
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Figure 5.26 Estimated power loss characteristics of DC motor, V-ring rotary seal and 
turbine drag for SRT prototype-2 
Figure 5.27 shows the individual components of frictional power loss curve for 
DC motor, NMS arrangement and turbine drag. The NMS arrangement does not require 
water pressure for its operation and so the frictional power loss associated with NMS 
arrangement is independent of the supply pressure and only varies with rotational speed. 
Further from Figure 5.26 and Figure 5.27 it can be said that the NMS arrangement has 
less frictional power loss as compared to V-ring seal arrangement at higher pressures. As 
shown in Figure 5.27 second order polynomials are drawn to fit individual power loss 
curves and then the equations for each of these polynomial curves are used to estimate 
exact value of power loss at different rotational speeds. Then these power loss values are 
added to the electrical power generated to get the turbine power as discussed in section 
4.6 of Chapter 4. The experiments have showed that both V-ring rotary arrangement and 
NMS arrangement perform excellently in preventing water leakage at the rotary joint. 
The advantage of the NMS arrangement is the characteristics of less frictional power loss, 
but these seals are expensive.  
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Figure 5.27 Estimated power loss characteristics of DC motor, V-ring rotary seal and 
turbine drag for SRT prototype-2 
Example of the theoretical estimation of drag friction power loss on rotor for SRT 
prototype 2 is shown below, 
 SRT prototype has a diameter of 0.124m and a height of 0.12m. The distance 
between turbine outer surface and anti-water splash cover is considered to be 0.1m. At ω 
= 100 rad/s the turbine outer surface velocity is U = 6.28m/s.  
Consider the turbine is surrounded with air at 25C temperature. At this 
temperature the air has a density of 1.19kg/m3 and viscosity of 1.98 x 10-5N.s/m 
(Incropera, 2002). For this condition the Renolds number is estimated to be Re = 37743.4 
based on equation 2.55. Therefore the flow is turbulent and so the friction coefficient is 
estimated using ( ) 022.0184.0 2.0 == −eRf  (Incropera, 2002). Therefore, from equation 
2.58 the power loss due to windage in dry air is estimated as 0.148 Watts. 
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Similarly consider the turbine is surrounded with water at 20C temperature. At 
this temperature the water has a density of 998kg/m3 and viscosity of 9.65 x 10-4N.s/m 
(Incropera, 2002). For this condition the Renolds number is estimated to be Re = 
649475.6 based on equation 2.55. Therefore the flow is turbulent and so the friction 
coefficient is estimated using ( ) 0127.0184.0 2.0 == −eRf  (Incropera, 2002). Therefore 
from equation 2.58 the power loss due to drag in water is estimated as 70.3 Watts. 
Where as in a real condition the turbine runs in a wet environment and it is hard to 
estimate the exact amount of suspended water particles in the air. From Figure 5.27 the 
experimental results show that the turbine drag loss at 980rpm is about 12.53 Watts, 
which is within the range of theoretical prediction. This shows that the experimental 
procedure used is reliable and reasonably accurate. 
5.7.3 Turbine power and turbine efficiency 
Table 5.14 and Table 5.15 show sample data at 41.37kPa of estimated power 
output and efficiency characteristics of SRT prototype-2 with V-ring seal arrangement 
and NMS arrangement respectively. Here 
•
EW represents the electrical power generated by 
the DC generator, 
•
lossW represents the power loss in the DC generator, rotary seal and 
turbine drag and TW
•
 represents the actual turbine power (mechanical power) produced 
by the turbine. As discussed in Chapter 4 the turbine power is estimated by adding the 
sum of power loss in DC generator, rotary seal and turbine drag to the electrical power 
output from the generator ( ••• += lossET WWW ). For example from Figure 5.26 at 41.37kPa 
supply pressure and 1103rpm the individual power loss components are calculated as 
follows, Power loss in V-ring rotary seal arrangement @ 41.37 kPa and 1103rpm is, (90 
mm diameter V-ring seal) Wy 45.7014.432 + 1103*0.0177 + 1103*0.00003 2 ==  
Power loss in turbine drag at 1103 rpm is, 
Wy 84.140.3996-1103*0.0083+1103*0.000005 2 ==  
Power loss in DC motor/generator at 1103 rpm is, 
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Wy 95.472.59 - 1103*0.0392 + 1103*0.000006 2 ==  
Therefore the sum of total power loss is equal to 70.45+14.84+47.95 = 133.24W 
this is then added to the measured electrical power of 447W @ 1103rpm to get the 
turbine power of 580W, as shown in Table 5.14. Figure 5.28 and Figure 5.29 shows the 
turbine efficiency and the overall efficiency of SRT prototype-2. It can be seen that at 
41.37kPa supply pressure the peak overall efficiency of SRT prototype 2 with V-ring 
rotary seal arrangement is about 51%, where as that with NMS arrangement the peak 
overall efficiency increases to about 56%. This increase in electrical efficiency is due to 
fact that there is less frictional power loss with NMS arrangement at high pressures as 
compared to V-ring rotary arrangement.  
Table 5.14 Estimated turbine and overall efficiencies of SRT 125D-120L-8W with V-ring 
rotary seal 
Supply pressure 
kPa 
[PSI] (m of H2O) 
Flow Rate 
(L/sec) 
Turbine 
Speed 
(rpm) 
Electrical 
Power 
•
EW (W) 
Total 
 power  
loss 
•
lossW (W) 
Turbine 
Power 
TW
•
 (W) 
Turbine 
efficiency 
gHm
W T
t •
•
=η  
% 
Overall  
efficiency 
gHm
W loss
o •
•
=η  
% 
41.37 
[6] (4.2) 25.72 1706 133.25 242.00 375.26 35.26 12.52 
41.37 24.83 1596 304.02 219.94 523.95 51.02 29.60 
41.37 24.15 1504 406.07 202.25 608.32 60.90 40.65 
41.37 23.33 1402 449.76 183.44 633.20 65.60 46.59 
41.37 22.52 1297 458.17 164.98 623.14 66.88 49.17 
41.37 21.79 1202 454.05 149.05 603.10 66.90 50.37 
41.37 21.10 1103 446.78 133.24 580.02 66.45 51.18 
41.37 20.44 1001 428.26 117.79 546.05 64.58 50.65 
41.37 19.80 902 396.54 103.61 500.15 61.05 48.41 
41.37 19.23 802 362.03 90.10 452.14 56.84 45.51 
41.37 18.71 698 323.31 76.93 400.24 51.72 41.78 
41.37 18.23 595 282.62 64.75 347.37 46.06 37.48 
41.37 17.83 498 242.42 54.08 296.50 40.19 32.86 
Further the SRT prototype-2 demonstrates high energy conversion efficiency as 
compared to SRT prototype 1, CPT and other simple reaction water turbine designs 
developed at RMIT during earlier projects (Webb, 1999, Quek, 2003). SRT prototype2 
can convert low head hydro energy to mechanical energy with an efficiency of around 
65% to 67%. From Figure 5.28 it can be seen that at 13.79kPa pressure and 600rpm the 
turbine efficiency is about 65% while at 41.37kPa pressure and 1400rpm the turbine 
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efficiency is still about 65%, this observation shows that SRT prototype 2 has high 
efficiency characteristics over a wide range of rotational speeds. It can be seen from 
Figure 5.28 and Figure 5.29 that at 13.70kPa pressure the overall efficiency with V-ring 
rotary seal arrangement is better then that with NMS arrangement. This is because of the 
fact that at low pressures the frictional power loss in V-ring rotary seal arrangement is 
very small, where as the frictional power loss with NMS arrangement remains constant 
with respect to supply pressure and only varies with rotational speed. 
Table 5.15 Estimated turbine and overall efficiencies of SRT 125D-120L-8W with NMS 
rotary seal 
Supply pressure 
kPa 
[PSI] (m of H2O) 
Flow Rate 
(L/sec) 
Turbine 
Speed 
(rpm) 
Electrical 
Power 
•
EW (W) 
Total  
power  
loss  
•
lossW (W) 
Turbine 
Power 
•
TW (W) 
Turbine 
efficiency 
gHm
W T
t •
•
=η  
% 
Overall  
efficiency 
gHm
W loss
o •
•
=η  
% 
41.37 
[6] (4.2) 30.04 2198 328.00 176.47 504.47 40.60 26.40 
41.37 28.86 2070 393.02 165.45 558.47 46.78 32.92 
41.37 28.25 1996 440.17 159.12 599.29 51.29 37.67 
41.37 27.00 1853 492.45 146.93 639.39 57.25 44.09 
41.37 25.87 1715 518.94 135.25 654.19 61.13 48.49 
41.37 24.75 1575 526.98 123.48 650.46 63.53 51.47 
41.37 23.63 1440 525.85 112.21 638.05 65.27 53.79 
41.37 22.51 1298 518.88 100.42 619.31 66.51 55.73 
41.37 22.16 1250 511.58 96.46 608.04 66.33 55.80 
41.37 21.25 1125 493.04 86.18 579.22 65.87 56.07 
41.37 20.60 1027 473.93 78.16 552.09 64.78 55.61 
41.37 20.18 958 459.51 72.54 532.05 63.74 55.05 
41.37 19.67 875 441.36 65.80 507.17 62.33 54.24 
41.37 19.10 772 413.77 57.48 471.26 59.64 52.36 
41.37 18.60 675 380.55 49.68 430.23 55.91 49.45 
41.37 18.02 550 332.61 39.69 372.30 49.94 44.62 
The modified exit nozzle design with 6mm of split pipe overlap for guiding the 
water in form of solid jet has proven to be effective to some extend. This is evident from 
the improved turbine performance. Also as discussed in the stationary test analysis in 
section 5.6 the measured torque and the estimated torque are seen to be approximately 
equal. This shows that there is little to almost no scattering of the water jets leaving the 
exit nozzles. 
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Figure 5.28 Estimated turbine and electrical efficiencies characteristics of SRT 125D-
120L-8W with V-ring rotary seal 
 
Figure 5.29 Estimated turbine and electrical efficiencies characteristics of SRT 125D-
120L-8W with NMS rotary seal 
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5.7.4 Energy balance analysis 
Energy balance analysis is carried out to verify the accuracy and dependability of 
the experimental data and procedures. Figure 5.30 and Figure 5.31 shows the energy 
balance of sample data from the performance tests conducted on the SRT prototype2, this 
is based on the governing equation 2.36 discussed in Chapter 2. The energy input is 
estimated from the measured flow rate and the measured supply pressure as gHm
•
. The 
turbine power is estimated as discussed earlier in section 4.5 (see Chapter 4). The fluid 
frictional power loss is estimated from the measured flow rate, estimated k-factor and 
estimated relative velocity as 2
2
1
rkVm
•
. And the kinetic power lost with the water leaving 
the turbine is estimated from the measured flow rate and estimated absolute velocity 
as 2
2
1
aVm
•
. For example, it can be seen from Figure 5.30 at 1400rpm the input power is 
965W, where as the sum of output is equal to the 931W, this shows that there is an error 
of 34W in the estimation (i.e. ≈ 4%). This error may be due to instrumental uncertainty 
and the fact that the turbine rotates in wet environment (additional drag from splashing of 
water drops) while producing power where as the turbine drag power loss is estimated 
only in normal atmospheric air and there will be small amount of unaccounted power loss 
present there. Overall, the energy balance around maximum power point is within ±8%.  
Finally the instrumental uncertainty analysis shows a maximum relative 
uncertainty of ±5.89% in the estimation of the total output power 
KeFfTOut WWWW
••••
++=  and a relative uncertainty of ±3.75% in the estimation of the 
hydro input power InW
•
 (see Table - C-18, Appendix C), making a possible instrumental 
uncertainty of ±9.64%.  
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Figure 5.30 Energy balance curves for SRT 125D-120L-8W with V-ring rotary seal 
 
Figure 5.31 Energy balance curves for SRT 125D-120L-8W with NMS rotary seal 
After considering this fact of relative instrumental uncertainty of ±9.64% and 
some amount of unaccounted power loss in turbine drag under water drops, it can be said 
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that the overall energy balance analysis shows good confidence in the experimental data 
measurements and procedures used in the performance testing of the SRT prototype 2.  
5.8 Summary  
The objectives of this experimental analysis have been fulfilled, in that 
performance characteristics of all three prototypes have been satisfactorily measured, 
analysed and presented in this chapter.  
Stationary tests on the CPT and all SRT prototypes showed a very close match 
between measured and estimated stationary torque values. This confirmed the reliability 
of the stationary test set-up. Further, it is observed that the fluid frictional losses are 
mainly dependent on the exit velocity (relative velocity) of the water leaving the turbine.  
The dependency of k-factor on relative velocity presents a possibility of testing simple 
reaction turbine models only under stationary conditions and still being able to predict the 
dynamic performance of these turbines using the value of k-factor from stationary tests 
carried out over a range of relative velocities.  
Power output and power loss tests conducted on all the simple reaction turbine 
prototypes showed that CPT design has a significant amount of turbine drag loss 
compared to the SRT design. The reduced drag losses in the SRT are due to the disk 
shape design. All the turbine prototypes showed similar k-factor characteristics for 
stationary and rotary conditions. This helped to further confirm that the k-factor is a 
strong function of the relative velocity of the water leaving the turbine.  
The maximum no-load speed of CPT (400mm diameter) is observed to be about 
530rpm at 80kPa. Where as it is observed that SRT prototype1 (243mm diameter) runs at 
maximum no-load speed of 1365rpm at 50kPa supply pressure, further reducing the 
turbine diameter makes the simple reaction turbine spin at faster speeds as was the case 
of SRT ptototype2 (123mm effective turbine diameter), which could reach a maximum 
no-load speed of about 2200rpm. It was concluded that the CPT design is very difficult to 
build to desired diameter and desired exit nozzle areas. It is not possible to make a small 
diameter CPT turbine with large nozzle exit area using standard pipefittings. The SRT 
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design has that flexibility of changing the turbine diameter and exit nozzle area 
independent of each other.  
It was seen from the comparison of the power loss test results with the V-ring 
rotary seal arrangement and the NMS arrangement that, the NMS has less frictional 
power losses which are almost a linear function of rotational speed; where as in case of 
V-ring seal the frictional power loss also depend on supply pressure in addition to 
rotational speed. It was observed that a V-ring lip seal perform poorly at higher pressure. 
Main advantages of using a V-ring seal are its simplicity to use/install, easy availability 
and low cost, where as NMS is not readily available for diameters above 100mm and are 
very expensive.  
The turbine efficiency of CPT is about 55% (turbine efficiency), where as the 
turbine efficiency of SRT prototype1 is about 62% and SRT prototype2 is about 66%. 
This shows that SRT design is a better option and moreover a SRT design with some 
amount of split pipe overlap as exit nozzle guide for solid stream exit jets has better 
energy conversion performance. Overall energy balance analysis and uncertainty analysis 
has showed good confidence in the experimental procedures and the instrumentation 
used. 
SRT prototype 2 was built to easily change the exit nozzle area as discussed in 
Chapter 3 section 3.2.2.3. SRT prototype 2 with 5.3mm (SRT-125D-120L-5.3W) exit 
nozzle width and 4.2mm (SRT-125D-120L-4.2W) exit width has been tested and their 
experimental results are supplied in Appendix B section B.1 and section B.2. These 
results show strong characteristic resemblance with SRT-125D-120L-8W. It is seen that 
as the nozzle exit area is reduced by reducing the exit nozzle width the power output 
drops and the overall efficiency of the hydroelectric system decreases due to inefficient 
operation of DC generator at part load. The turbine efficiency for all the SRT prototype 2 
models is constant over a range of supply head and rotational speed.  
In the conclusion, statement for this chapter it can be confidently said that a “Split 
reaction turbine (SRT)” design is very flexible, with good energy conversion efficiency 
and is an economic alternative to the presently available commercial turbines for use at 
low head hydro sites for electricity generation. 
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Chapter 6 Potential site survey and Case study  
6.1 Introduction  
This chapter describes the site surveys done as a part of the research and the 
hydrology involved in doing a micro hydro site survey.  This chapter is divided into the 
following sections: 
• The first section discusses the hydrology study techniques used in the 
survey of potential ultra low head sites (Head measurement, Flow 
measurement and Geology study) 
• In the second section a case study of one site has been discussed  
Here the smallest flow method has been used to determine the potential of all the 
hydro sites surveyed. The smallest flow method is the simplest and the most accurate 
method used to determine the power output capacity of a hydro project. In this method 
the smallest flow in the stream is determined (in the driest period of the year) and the 
hydroelectric system is designed for that flow rate. For this method to work all that is 
required is some certainty that next year or in some future year after the hydro system is 
installed this smallest flow would still be available in the driest period of the year 
(Harvey, 2005). This kind of certainty can be predicted with the availability of the past 
minimum flow rate data for that stream. This data could be measured or could be just a 
guessed value by the property owners for at least the past 10 years. 
6.2 Hydrology study literature review 
The hydrology study of a potential hydropower site involves estimation of the 
available flow rate and head. The suitability of any hydro site depends upon the available 
head and minimum water flow rate to produce the desired amount of power. So it is very 
important to accurately determine the available head and minimum flow rate. There are 
various methods that can be implemented for measuring the available head and the flow 
rate, in this section some of these methods have been discussed in detail, which were 
used in the potential site survey as a part of this research project.  
 133 
6.2.1 Head measurements 
The first approach to determine the available head could be by using local maps. 
This represents a quick first look at the various possibilities in the region, but does not 
represent a careful measurement of head. As head is the most important factor in design 
and costing of a hydro scheme it must be measured accurately with an accuracy 
of %3± (Harvey, 2005). For an accurate measurement of the available head, it is 
recommended to take more than one measurement of the head, as it is possible to make 
mistakes while measuring. It is also recommended to use two different methods to 
measure the head for a single site and then try to obtain agreement of the measured 
readings. If the measured readings do not agree closely with each other, then it is 
recommended to table further measurements until agreement is achieved. There are 
number of methods to measure head; some are more suitable for low head sites and 
inaccurate on high head sites, while some are only suitable for high head sites. It’s always 
recommended to use a head measurement method suitable for the type of site (high head 
or low head) and the availability of the instruments (Wilson, 1983, Whyte, 1985, Harvey, 
2005). Some of the head measurement methods are listed below, 
Table 6.1 Comparison of head measurement techniques (Harvey, 2005) 
Method Comments Advantages and 
limitations 
Accuracy Precautions 
Water-filled 
tube and rods  
Weight: Light 
Expense: Low 
Long-winded for high 
heads 
Approx 95% Repeat 
measurements 
Sprit level 
and plank (or 
string) 
Weight: Light 
Expense: Low 
Unsuitable for long 
gentle slops, slow to 
use. Best done with 
two people 
Approx 95% 
on steep 
slopes, 
80-90% on 
gentle slopes  
Repeat 
measurements 
Builders’ 
levels 
(Dumpy 
level)  
Weight: Heavy 
Expense: Can be 
hired, since in 
common use 
Not good on wooded 
sites 
Fast 
Very good Liable error  
Calculations can 
introduce errors 
Map Map-reading 
skills 
Weight: Light 
Expense: Low 
High heads only  
Wrong site may be 
identified 
Depends on 
quality and 
scale of map 
Map may be 
incorrect  
Check correct 
site identified 
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6.2.1.1 Water-filled tube  
This method is suitable for low head sites and so is used for head measurement at 
one of the sites. The equipments required for this method are nylon hose (transparent), 
height marker (measuring tape) and a record sheet. This method can be reasonably 
accurate if used properly. A single measurement is not sufficient to get accurate readings; 
at least two of three separate measurements must be taken. Figure 6.1 shows the use of 
this method (Harvey, 2005). This method can even be used on long distances without 
using long tube; this is done in steps and later all the heights are added to get the total 
head.  
 
Figure 6.1 Water filled tube method (Harvey, 2005) 
6.2.1.2 Builders’ levels (Dumpy level) 
This method is suitable for low head sites. However, the equipment is expensive 
and heavy. As the owners of one of the sites under survey are architects, they preferred to 
use this method for head measurement. Builders for survey very commonly use this 
method so the equipment is easily available on rent.  
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Figure 6.2 Builders level (Dumpy level) measurement technique (Harvey, 2005) 
6.2.2 Flow measurement  
Accurate flow measurement is very critical in the design of micro-hydro systems. 
For low head sites the power producing capacity mainly depends on the available water 
flow. To protect the aquatic life in and around the water stream it is desirable not to use 
more than 50% of the total annual average flow for hydropower systems. Flow 
predictions should not be based on single flow measurement, as it will lead to wrong flow 
predictions in most of the cases. It is desired to take daily flow measurements over a year 
to accurately predict the average flow. When daily measurement is not possible, a weekly 
flow measurement can also be used for annual average of the flow. Some times a 
conservative approach is used for flow measurements, where a daily flow measurement is 
recorded only during the driest period of the year, which predicts a minimum average 
flow. The main reason to use this kind of approach is to design a hydro system that can 
operate even during the dry periods without affecting the aquatic life. The following flow 
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measurement techniques are used in the hydrology study of the potential sites in this 
research.  
6.2.2.1 The bucket method 
This is the simplest way of measuring the flow; it is only suitable for small flow 
measurements. The whole flow to be measured is diverted into a bucket as shown in 
Figure 6.3 and the time required to fill the bucket is recorded. The volume of the bucket 
is then divided by the measured time to get the volume flow rate. The disadvantage of 
this method is that the whole flow must be channelled into the bucket, which often 
requires temporary dam so the method is only practical for small water streams.  
 
Figure 6.3 Bucket flow measurment method 
6.2.2.2 The float method 
An approximate cross-sectional profile of the streambed is charted over a known 
length of the stream. A float which can submerge in the water but which will not sink to 
the bottom is allowed to flow with the stream and is timed over the known length of a 
section of the stream as shown in Figure 6.4. This process is repeated for different 
sections across the stream width and the results are averaged to obtain the flow velocity. 
Then the volume flow rate is obtained as a product of the mean cross-sectional area of the 
stream and the average flow velocity as shown in Figure 6.4. Some more flow measuring 
techniques used for hydrology study are salt gulp method, propeller device method, stage 
control method and weir method (Harvey, 2005). 
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Figure 6.4 Float flow measurement method (Harvey, 2005) 
6.3 Case study of potential hydro sites  
The case study of a potential hydro site involves hydrology study, design of 
system layout, design of turbine, generator selection, design of energy storage system and 
economic analysis. The head and flow measurement techniques discussed earlier are used 
for the hydrology study of the potential sites. In the system layout the water extraction 
method is selected based on the available head and 50% of the average flow. Provision is 
made in the layout to allow the remaining 50% of water to flow through the normal 
stream to sustain the surrounding environment. Selection of proper diameter and length 
of intake pipe is very critical in case of low-head micro hydro schemes, so as to keep the 
fluid frictional losses to minimum. The split reaction turbine is then designed for the net 
head available at the end of the intake pipe and for the corresponding flow. The generator 
selection is based on power requirement (A.C. or D.C.) and distance of the load from the 
generator. The energy storage system is designed as standalone or grid interactive system 
depending on the distance to the nearest grid and the amount of power produced. A 
standalone system is used if the grid is far and power produced is small. Economic 
analysis considers capital and maintenance cost of the system and is then compared with 
the expenses involved to obtain grid connection.  
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6.3.1 Site 1 – Taggerty, Victoria 
Taggerty is located approximately 110km North East of Melbourne as shown in 
Figure 6.5. There is not grid connection available at the property; the nearest grid location 
is about 1.5km away. The property owner has obtained a cost estimate to get their 
property grid connected for AU$60,000. The present daily energy requirement of the 
farm (≈ 11 Acres) and house (2 occupants) is about 16kWh, out of which about 4-5kWh 
is required for pumping water from the creek to the storage pond on the farm.  
 
Figure 6.5 Location of- Site1 with reference to Melbourne, Australia (Ref: Google Earth) 
The property is spread over 160 acres with a small farm and a medium size creek 
that flows along the east boundary as shown in Figure 6.6. The water required for the 
farm and household use is pumped from the creek and stored in a shallow storage pond 
on the farm. At present petrol engine (power 5HP; 3.7kW) driven water pump is used to 
pump the water from the creek and deliver it to the pond (5m static head + 11m dynamic 
head loss @ 10L/s). The current delivery pipe from the creek to the storage pond is a 3-
inch diameter PVC pipe. The storage pond has around 300m² of surface area and is 0.5-
1m deep. During cultivation period of the year the daily water requirement of farm about 
75m³.  
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Figure 6.6 Supply catchment’s from which water will be captured; Site1: Taggerty, 
Victoria, Australia (Ref: Google Earth) 
6.3.1.1 Hydrology study 
Hydrology study of this site was carried out over the driest period of the year (i.e. 
December to January 2007). As one of the property owners is an architect she preferred 
to use builder’s level (dumpy level) for head measurement. The measured head was 3m 
over a 300m distance (i.e. slope ∆y/∆x = 0.01). Flow rate was measured with float 
method as the water stream under consideration was very wide and that was not suitable 
for bucket method. The first flow measurement was recorded on 10th November 07. This 
was followed by alternate week measurement of the flow taken by the property owners 
till the last measurement taken on 26th January 08. The average flow was measured to be 
63 litres per second as shown in Table 6.2.   
Table 6.2 Flow measurement data with float method (Site1, Taggerty) 
Flow 
measurement 
Date 
(dd/mm/yy) 
Stream 
length  
(m) 
Average time 
for float to 
travel stream 
length (sec) 
Average 
stream 
velocity 
(m/s) 
Average 
cross-section 
area over 
stream length 
(m²) 
Volume 
flow rate 
(m³/sec) 
Volume 
flow rate 
(l/sec) 
10-Nov-07 10 31.62 0.316 0.213 0.0674 67 
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24-Nov-07 10 32.58 0.307 0.213 0.0654 65 
8-Dec-07 10 34.13 0.293 0.213 0.0625 62 
22-Dec-07 10 35.25 0.284 0.213 0.0605 60 
12-Jan-08 10 36.44 0.274 0.213 0.0585 59 
26-Jan-08 10 34.68 0.288 0.213 0.0615 61 
Average flow rate over driest period of the year (l/s)  63 
6.3.1.2 Hydro system layout 
Water from the creek will be captured via small stone weir. Figure 6.7 shows the 
proposed location for the weir. The captured water would then be carried to the low head 
hydroelectric unit located on the dry land 150m down the stream via 0.15m diameter 
PVC pipe (see Figure 6.8 and Figure 6.9). The used water from the turbine will then be 
discharged back into the creek. The stonewall will be constructed from natural materials 
(i.e. stones, boulders and mud) thereby ensuring that the water which is not used for the 
hydro scheme will continue to flow through the weir. Only 50% of total flow will be used 
for the hydro scheme, which is about 30L/s. The net head available at the hydro unit is 
estimated taking into account the dynamic head loss in the intake water pipe and the 
gross head available as shown in Table 6.3 and Table 6.4.  
Table 6.3 Gross head estimations  
Intake pipe 
diameter (mm) 
Intake pipe 
length LP 
(m) 
Terrain 
down slope 
(∆y/∆x) 
Height of the stone 
weir HW 
(m) 
 
Gross head 
available HG 
(m)           
Lp*(∆y/∆x)+ Hw 
150 150 0.01 0.6 2.1 
Table 6.4 Net head estimations  
Intake volume 
flow rate (l/s) 
Flow velocity in 
Intake pipe 
(m/s) 
Reynolds 
number 
friction 
factor 
Dynamic head 
loss in Intake 
pipe HDL 
(m) 
Net available 
head HN  
(m)  
 (HG –HDL) 
28 1.59 237317.30 0.00516 0.661 1.44 
30 1.70 254268.53 0.00510 0.750 1.35 
32 1.81 271219.77 0.00505 0.844 1.26 
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Figure 6.7 Proposed weir on the creek- Site1 (Taggerty, Victoria) 
 
Figure 6.8 Sketch of proposed intake layout 
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Figure 6.9 Proposed SRT low head hydro-electric unit 
It can be seen from Table 6.4 that estimated net available head at the intake to the 
hydroelectric unit is 1.35m for a flow of 30 L/s. So the estimated potential hydro power is 
equal to 397 W. Assuming the energy conversation efficiency from hydro to electrical to 
be 50%, the estimated electrical power produced will be 198 W; i.e. 4.76kWh of daily 
energy production capacity.  
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As the nearest grid is 1.5km away a standalone system should be used with a 
5kWh energy storage capacity in a 48V DC battery bank. Two methods can be used to 
charge the battery bank, first is with battery charger, i.e. indirect connection, and second 
is with direct coupling of the hydroelectric unit to the battery bank. The first option is 
more expensive and has its own limitations and disadvantages. While the second option is 
cheap but requires proper selection of DC generator and optimum turbine speed. A baldor 
DC motor with a rated DC voltage of 180V at 1750rpm can be used as a DC generator. 
Such an electric DC machine has a linear voltage to rotational speed characteristics, i.e. a 
50V to 54V DC can be generated if the optimum rotational speed of the turbine is within 
at 500rpm to 525rpm. This voltage range of 50V to 54V is suitable for direct charging of 
48V DC battery bank. 
6.3.1.3 Split reaction turbine design 
A net head of 1.35m and flow rate of 30L/s is selected from Table 6.4 for the 
design of the split reaction turbine. The assumptions made in the split reaction turbine 
design are; density of water equals to 1000kg/m³, gravitational acceleration equals to 
9.81m/s², turbine optimum speed equals to 525rpm (55 rad/sec) and a conservative value 
of k-factor to be 0.1 (based on the experimental test results as discussed in chapter 5, see 
Figure 5.12 and Figure 5.24). The governing equations as discussed in chapter 2 are used 
in turbine dimension predictions. The optimum turbine diameter can be calculated using 
equation 2.41 and the total exit nozzle area can be calculated using the relation between 
the relative velocity, volume flow rate and exit nozzle area. Choice of two exit nozzles is 
made for this turbine, so the area of each nozzle would be half the total exit nozzle area. 
The choice of rectangular shape is made for exit nozzles with the exit nozzle height 
selected as 0.2m and so the exit nozzle width would be equal to the area for one nozzle 
divided by the exit nozzle height as shown in Table 6.5. 
Table 6.5 Optimum diameter and exit nozzle dimension estimation 
Net 
available 
head  
 HN 
(m) 
Available 
flow rate 
(l/s) 
Turbine     
k-factor 
Turbine 
operational 
angular 
speed 
(rad/s)/(rpm) 
Optimum 
turbine 
diameter 
(m) 
Total 
exit 
nozzle 
area 
(m²) 
Number 
of 
nozzles 
Each 
exit 
nozzle 
height 
(m) 
Each 
exit 
nozzle 
width  
(m) 
1.44 28 0.1 55 / 525 0.208 0.0038 2 0.2 0.0094 
1.35 30 0.1 55 / 525 0.201 0.0042 2 0.2 0.0104 
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1.26 32 0.1 55 / 525 0.195 0.0046 2 0.2 0.0115 
 The jet interference speed of the turbine with optimum diameter of 0.201m and 
exit nozzle width of 0.0104m can be calculated using equation 2.46; this should always 
be greater than the turbine operational speed as discussed in chapter 2. It can be seen 
from Table 6.6 that for a jet exit angle of θ = 0° and turbine wall thickness of 6mm 
(standard wall thickness of Ø150-250mm, Sch. 20 PVC pressure pipe), the jet 
interference speed is greater than the turbine operational speed, this is desired for 
optimum turbine operation.  
Table 6.6 Non-interference speed check 
Net 
available 
head 
(m)  HN 
Optimum 
turbine 
diameter 
(m) 
Turbine     
k-factor  
Exit 
nozzle 
width 
(m) 
w 
Turbine 
wall 
thickness 
(m) 
T 
δ = w + t 
(m) 
Turbine 
operational 
speed 
(rad/s) 
Jet 
Interference 
speed 
(rad/s)  
intω  
θ = 0° 
1.44 0.208 0.1 0.0094 0.006 0.0154 55 62.81 
1.35 0.201 0.1 0.0104 0.006 0.0164 55 61.37 
1.26 0.195 0.1 0.0115 0.006 0.0175 55 59.89 
Table 6.7 shows the turbine power estimation for the net available head and 
available flow rate; equations 2.1, 2.2, 2.9, 2.11 and 2.38 are used for this estimation. 
Final selection of a D.C. generator is based on this information.  
Table 6.7 Turbine turbine power and efficiency estimation 
Net 
available 
head  
 HN (m) 
Available 
flow rate 
(l/s) 
Turbine     
k-factor 
Turbine 
operational 
angular 
speed (rad/s) 
Optimum 
turbine 
diameter 
(m) 
Turbine 
power 
(Watts) 
Turbine 
efficiency 
(%) 
1.44 28 0.1 55 0.208 276.28 69.85% 
1.35 30 0.1 55 0.201 277.51 69.85% 
1.26 32 0.1 55 0.195 276.28 69.85% 
Baldor Permanent Magnet D.C. motor model number CDP3436 (0.56kW) is 
selected from the Baldor selection chart as shown in Table 6.8. Model CDP3436 
(0.56kW) is selected over model CDP3326 (0.37kW) because the full load current of this 
model is high, it will protect the armature from overheat damage when operating at lower 
voltage than rated (i.e. at low rpm then rated rpm). From Table 6.8 and Table 6.9 it can 
be seen that when the DC generator is producing 208W of electrical power at 55rad/s, the 
generator output voltage would be around 54 V  (Voltage constant Kv = 0.9) and the 
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generator output current would be about 3.85 amps which is very close to the full load 
armature current for model CDP3436. 
Table 6.8 Baldor motor selection chart 
Catalogue 
Model  
Number 
Motor 
kW 
Base 
rpm 
Arm 
Volt 
(V) 
Arm 
Full 
Load 
Amps 
Voltage 
constant 
Kv 
(V/rad/sec) 
Full load 
efficiency 
List Price 
$A 
NEMA 
Frame 
CDP3306 0.18 1750 180 1.25 0.98 83% 440 56C 
CDP3316 0.25 1750 180 1.6 0.98 84% 502 56C 
CDP3326 0.37 1750 180 2.5 0.98 87% 567 56C 
CDP3436 0.56 1750 180 3.8 0.98 88% 684 56C 
Table 6.9 Electrical output from Baldor DC motor CDP343 
Turbine 
power 
(Watts) 
D.C. 
generator 
efficiency @ 
50% of full 
load (%) 
Electrical  
power  
output  
(Watts)  
•
EW @55rad/s 
DC Generator 
output 
 voltage (Volts) 
vg KV *ω=  
 
DC Generator 
output 
 current (Amps) 
gEg VWI
•
=  
 
Daily  
electrical  
energy  
output  
(kWh) 
276.28 75% 207.21 54 3.84 4.973 
277.51 75% 208.13 54 3.85 4.995 
276.28 75% 207.21 54 3.84 4.973 
The generator output voltage of 54V is a good charging voltage for a 48V battery 
bank. With a blocking diode connected in between the DC generator and the batteries, 
discharge of energy from the battery into the generator can be prevented. This protection 
would be useful when voltage drops below 48V; voltage may decrease if available head 
drops due to some blockage at the entrance of intake pipe. A battery bank of four 12V, 
115Ah batteries (Trojan Flooded Lead Acid Battery, Model 27TMX) connected in 
parallel would have energy storage capacity of 5.5kWh, which is sufficient for this 
particular site with a daily energy generation of 4.99kWh.  
6.3.1.4 Selection of DC water pump 
Daily water requirement of the farm on this site is 75m³. The shortest distance 
from the creek to the storage pond is about 500m with an average up slope of about 0.01; 
it means that a water pump with a minimum delivery head of 5m is required, so a DC 
water pump, which can deliver 75m³/day (i.e. 3.125m³/hr over 24hrs) with total energy 
consumption no more than 4.7kWh is required for this site.  
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Table 6.10 and Table 6.11 shows the estimated gross delivery head required to 
pump 3.125m³/hr through a presently installed 3 inch diameter delivery pipe. It can be 
seen that the gross delivery head of 5.12m is required to deliver water with a flow rate of 
3.125m³/hr.  
Table 6.10 Storage pond water supply system 
Delivery pipe 
diameter 
(inch/mm) 
Delivery 
pipe 
length (m) 
Terrain 
up slope 
(∆y/∆x) 
Daily water 
requirement 
(m³)  
Daily pump 
operation 
time (hrs) 
Volume 
flow rate 
(m³/hr) 
3 / 75 500 0.01 75 24 3.125 
Table 6.11 Delivery head requirement of water pump 
Figure 6.10 shows the pump selection curves for Conergy DC water pumps 
powered by battery. A 48V DC water pump by Conergy (Model 7442) can deliver 3.2 
m³/hr to a delivery head of 5.5m, with power consumption of 182W, i.e. 4.37kWh of 
energy required to pump 75m³ in 24hrs.  
 
Figure 6.10 Conergy DC pump selection curves (Ref. Conergy product resource)  
Velocity 
(m/s) 
Renolds 
number 
friction 
factor 
Dynamic head 
loss (m) 
HD 
Static head 
loss (m) 
HS 
Gross delivery 
head required 
(m)   HD + HS 
0.196 14714.62 0.0086 0.113 5 5.113 
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6.3.1.5 Costing of the hydro-electric installation 
The PVC pipe that will carry the water from the creek to the hydroelectric unit 
will have diameter of 150mm and length of 150m. The cost of this PVC pipe is $23.35 
(see Table -  D-2, in Appendix D) per meter making the total material cost of the pipe to 
be $3502.   
Table 6.12 Cost of intake pipe 
The selected Baldor DC motor which may be used as a generator, costs $684 
(www.baldor.com.au) and the cost to build the split reaction turbine and the support is 
about $250. 
Table 6.13 Cost of DC generator and turbine with support 
The total material cost for this hydroelectric set-up comes out to be $4236. The 
labour cost to install such a system is considered to be 100% of the material cost. So the 
total cost of to install this system will be $8472.  
Table 6.14 Total cost of the hydro-electric installation 
Australian Federal Government supports installations of renewable energy 
systems in remote areas by giving a rebate 50% of the total cost, making the actual 
investment from the site owners to be only $4236.  
6.3.1.6 Conclusion of case study  
In conclusion of this case study it could be said that sufficient amount of power 
can be produced from the low head hydro resource available, which can in turn supply 
energy required for pumping 75m³/day. So the present petrol engine water pump can be 
replaced with the DC electric water pump powered by hydroelectric unit.  
Pipe cost $/m Pipe Diameter (mm) Pipe length (m) Total pipe cost 
23.35 150 150 $3502 
Generator type Generator Model Generator cost Cost of turbine 
+ support  
D.C. CDP3436 $684 $250 
Total Material cost 
Pipe + Generator + Turbine 
Labor cost 100% of 
material cost 
Total Cost 
 
$4236 $4236 $8472 
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Chapter 7 Conclusion and Future work 
7.1 Conclusion  
In the conclusion of this thesis, it can be said that for global sustainable 
development it is very important to utilise renewable energy resources with low green 
house gas emissions. Additionally there is a huge technically exploitable hydropower 
potential available throughout the world, if utilized this can represent a significant 
fraction of the present global electricity consumption. Presently available low head micro 
hydro turbines are very expensive making them economically unattractive to be used for 
electricity production at an individual level. The high cost of presently available low head 
water turbines put an economical limitation to the utilization of the technically 
exploitable hydropower potential. Keeping this in mind research was conducted to 
achieve the main aim of this project of developing a low cost, high performance simple 
reaction water turbine for electricity production from low headwater resources. The task-
oriented objectives are achieved and their conclusions are discussed in the following text.  
From the theoretical analysis, it is seen that mass flow rate increases with the 
increase in the rotational speed due to the centrifugal pumping action. The variation of 
•
m with rotational speed is almost linear and the effect of supply head on the mass flow 
rate vanishes at high rotational speeds. It is also seen that for a practical situation with 
fluid frictional losses the simple reaction turbine will never experience the runaway 
condition of infinite speed.  
It is seen from the theoretical investigation that the maximum power point would 
shift to a higher rotational speed for a given geometry of a turbine with increase in the 
supply head. It is also seen that the efficiency of the turbine is dependent on the k-factor 
and turbine efficiency would decrease with increase in the value of k-factor.  
Further, it is seen from the theoretical investigation that the optimum diameter of 
the split reaction turbine is a function of supply head, rotational speed and k-factor and is 
independent of output power capacity of that turbine. Therefore, for a constant rotational 
speed and constant k-factor value, if head increases the corresponding optimum diameter 
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would increase. If the head and k-factor are kept constant, to achieve high rotational 
speed a smaller turbine diameter is required. At very high rotational speed the effect of 
static head on the optimum diameter starts to diminish. For a given power output at 
constant rotational speed and constant k-factor, a small diameter and tall turbine 
configuration would evolve at low static head, while under higher static heads the turbine 
would become large in diameter and would get shorter.  
The phenomenon of jet-interference has been theoretically investigated in this 
research thesis. It shows how the jet-interference speed can be predicted for a turbine of 
known geometry. The disadvantage of the jet-interference is that it limits the power 
producing capacity of a turbine with a given diameter and operating speed, as this limits 
the allowable exit nozzle width. So it is important to consider jet-interference while 
designing a simple reaction turbine and especially the split reaction turbine developed in 
this research. A concept design of a self-governing simple reaction turbine has been 
presented with theoretical model.   
The theoretical prediction of centrifugal pumping effect has been verified and 
validated from the experimental analysis and it is seen that the simple reaction turbine 
generates prominent centrifugal pumping effect with increase in rotational speed causing 
the mass flow rate to increase. When the turbine is stationary the mass flow rate is 
dependent on static head, but as the turbine starts to spin faster the effect of static head on 
the mass flow rate is experimentally seen to diminish as predicted in the theoretical 
investigation. Further, it is seen from the experimental investigation that the value of k-
factor (fluid friction factor) increases with increase in relative velocity. However, the 
turbine shows efficiencies that do not vary greatly over a wide range of rotational speeds 
for different static head. With increase in static head, the maximum efficiency point and 
maximum power point move to higher rotational speed.  
Stationary tests on CPT and all SRT prototypes showed a very close match 
between measured and estimated stationary torque values. In addition, the uncertainty 
analysis of the stationary test data showed a maximum instrumental uncertainty of ± 5%. 
This confirmed the reliability of the stationary test set-up and its instrumentation. It is 
also observed that the fluid frictional losses are mainly dependent on the exit velocity 
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(relative velocity) of the water leaving the turbine. This dependency of k-factor on 
relative velocity presents a possibility of testing any simple reaction turbine model only 
under stationary conditions at high pressures to simulate high relative velocity conditions 
and hence estimate the k-factor values at those high relative velocities. This estimated 
value of k-factor can then be used to predict the rotary performance (i.e. while power is 
extracted) of those simple reaction water turbines.  
Power and power loss tests conducted on all simple reaction turbine prototypes 
show that cross pipe turbine design has a significant amount of power loss in turbine drag 
as compared to the SRT design. The reduced drag losses in the SRT are due to the disk 
shape rotor design. All the turbine prototypes show similar k-factor characteristics for 
stationary and rotary (i.e. while power is extracted) conditions. This helped to further 
confirm that the k-factor is a strong function of the relative velocity of the water leaving 
the turbine as is seen from the stationary tests. The maximum no-load speed of CPT is 
observed to be about 530rpm at 80kPa. Where as it is observed that SRT prototype1 
(243mm diameter) runs at maximum no-load speed of 1365rpm at 50kPa supply pressure, 
further reducing the turbine diameter makes it spin at faster speeds as in case of SRT 
prototype2 (125mm diameter). This could reach a maximum no-load speed of about 
2200rpm. The CPT design is not flexible to be manufactured with desired diameter and 
exit nozzle areas. It is not possible to make a small diameter CPT turbine with large 
nozzle exit area using standard pipefittings. The SRT design has the flexibility of 
changing the turbine diameter and exit nozzle area independent of each other.  
It is seen from the comparison of power loss tests conducted on V-ring lip seal 
and NMS arrangement that, NMS has less frictional losses and these losses are almost a 
linear function of rotational speed; where as in case of V-ring lip seal the frictional losses 
depend on rotational speed and supply pressure. It was observed that a V-ring lip seal 
introduces high power loss at higher pressure; this is due to the large surface contact 
force between the stationary and rotary parts. While the V-ring seal are simple to use and 
install, they are also easily available and are inexpensive. Where as the NMS is not 
readily available for diameters above 100mm and they are very expensive.  
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Therefore, for the rotary seal at inlet of the turbine, a V-ring lip seal gives a very 
good seal with medium to low frictional power losses and are very inexpensive. These 
are simple to install and are easily available off the shelf products. While the nylon 
mechanical seal (NMS) have very good water sealing properties and have low frictional 
power loss, NMS are expensive and special products. So for remote area and micro hydro 
application a V-ring lip seal is an excellent rotary seal choice for any simple reaction 
turbine. 
The turbine efficiency of CPT is about 55% (turbine efficiency), where as the 
turbine efficiency of SRT prototype1 is about 62% and SRT prototype2 is about 66%. 
This shows that the basic SRT design is a better option then CPT. In addition to this SRT 
design with some amount of split pipe overlap as exit nozzle guide for solid stream exit 
jets shows even higher energy conversion efficiency as demonstrated with SRT 
prototype2.  
The power test results have demonstrated a good overall energy balance for all 
turbine prototypes. Further the uncertainty analysis of the power tests data shows a 
maximum instrumental uncertainty of ±6% (see Appendix C section C.3). This shows a 
good confidence in the experimental procedures, test set-up and the instrumentation used 
for the power tests.  
SRT prototype 2 has been built to easily change the exit nozzle area as discussed 
in Chapter 3 section 3.2.2.3. SRT prototype 2 with 5.3mm (SRT-125D-120L-5.3W) exit 
nozzle width and 4.2mm (SRT-125D-120L-4.2W) exit width has been tested and their 
experimental results are supplied in Appendix B section B.1 and section B.2. These 
results show strong characteristic resemblance with SRT-125D-120L-8W. It is seen that 
as the nozzle exit area is reduced by reducing the exit nozzle width the power output 
drops and the overall efficiency of the hydroelectric system decreases due to inefficient 
operation of DC generator at part load. The turbine efficiency for all the SRT prototype 2 
models is constant over range of supply head and rotational speed. 
The SRT design is very flexible and can be modified to produce desired amount 
of power with no extra cost. The cost to build a 1kW “Split reaction turbine” including 
the cost of inlet port with V-ring rotary seal and the flange coupling for power 
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transmission would be about AU$250 to $300 (see Table 3.1 in Chapter 3). The cost of 
1kW SRT is much lower as compared to other commercially available turbines as 
described by Harvey (Harvey, 2005) see Table 1.2 in Chapter 1. 
The aim of this research to develop a low cost and high performance simple 
reaction water turbine for low head application has been achieved with fulfillment of all 
task oriented objectives. In the final conclusion of this thesis it can be confidently said 
that a “Split Reaction Turbine” (SRT) design is very flexible, it has good energy 
conversion efficiency and is an economic alternative to commercially available turbines 
for use in low head micro hydropower generation.  
7.2 Future work 
As the Split reaction turbine design has been optimised and tested in the 
laboratory a field trial will provide further necessary information for commercialisation 
of this turbine. The case study presented in this thesis at Taggerty site in Victoria, 
Australia, will provide a preliminary experience for real life installations of SRT. Future 
work will involve installation of split reaction turbines at a couple of different low head 
hydro sites and monitoring their performance over an extended period of time across all 
seasons. This will involve further low head site surveys in Australia or Overseas.  
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Appendix A Building a Split reaction turbine model 
A.1 Manufacturing of SRT prototype 2 
 
Figure - A.1 Split reaction turbine prototype 2 
 
Figure - A.2 Split reaction turbine prototype 2 
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Figure - A.3 Split reaction turbine prototype 2 
 
 
 
 
Figure - A.4  Split reaction turbine prototype 2 
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Figure - A.5  Split reaction turbine prototype 2 
The top shaft flanged coupling can be bought off the shelf from the couple of 
manufacturers.  
 
Figure - A.6 Shaft coupling by Watson Marine 
(http://www.watsonmarine.com.au/watsonmarine/couplings.htm) 
 
Figure - A.7 Shaft coupling by Teign Bridge  
(http://www.teignbridge.co.uk/shaft_couplings.html) 
Inlet port can be made from off the shelf stainless steel pipe flanges as shown in 
Figure - A.8; a welding neck type flange can be used, which will require very little 
machining.
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Appendix B Measured and estimated performance data   
B.1 Additional data on power loss experimental results 
Table -  B-1 Power loss estimation experimental results for DC motor alone 
Motor supply 
voltage 
Vin  (Volts) 
Motor supply 
current 
Iin  (Amps) 
Turbine 
speed 
(rpm) 
Estimated power 
Loss (Vin x Iin) 
(watts) 
9.9 0.065 105 0.64 
19.1 0.090 203 1.72 
28.9 0.091 307 2.65 
38.2 0.101 405 3.84 
47.3 0.107 502 5.04 
56.3 0.111 598 6.27 
66.4 0.119 705 7.93 
74.9 0.127 795 9.54 
84.9 0.134 901 11.40 
94.6 0.140 1004 13.25 
103.8 0.147 1102 15.25 
113.4 0.154 1204 17.49 
122.9 0.162 1305 19.89 
132.3 0.167 1405 22.13 
141.5 0.172 1502 24.38 
150.8 0.178 1601 26.78 
160.5 0.183 1704 29.40 
169.6 0.189 1800 32.07 
179.2 0.194 1902 34.71 
188.5 0.200 2001 37.63 
 
Table -  B-2 Power loss estimation experimental results for DC motor + SRT prototype 2 
Turbine drag 
Motor supply 
voltage 
Vin  (Volts) 
Motor supply 
current 
Iin  (Amps) 
Turbine 
speed 
(rpm) 
Estimated power 
Loss (Vin x Iin) 
(watts) 
11.1 0.207 118 2.3 
19.1 0.293 203 5.6 
28.4 0.339 301 9.6 
37.9 0.386 402 14.6 
47.6 0.391 505 18.6 
56.6 0.397 601 22.5 
65.9 0.412 700 27.2 
75.3 0.432 799 32.5 
85.2 0.436 904 37.1 
94.4 0.446 1002 42.1 
103.9 0.456 1103 47.4 
113.2 0.465 1202 52.7 
122.6 0.471 1301 57.7 
132.0 0.477 1401 63.0 
141.5 0.488 1502 69.0 
151.2 0.497 1605 75.2 
160.4 0.503 1703 80.7 
169.7 0.507 1801 86.0 
179.2 0.511 1902 91.5 
189.2 0.519 2008 98.1 
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Table -  B-3 Power loss estimation experimental results for DC motor + V-ring lip rotary 
seal + SRT prototype 2 Turbine drag @ 13.79kPa [2 PSI] 
Motor supply 
voltage 
Vin  (Volts) 
Motor supply 
current 
Iin  (Amps) 
Turbine 
speed 
(rpm) 
Estimated power 
Loss (Vin x Iin) 
(watts) 
9.9 0.350 104 3.5 
19.1 0.408 202 7.8 
28.9 0.439 305 12.7 
38.2 0.485 403 18.5 
47.3 0.531 502 25.1 
56.3 0.554 598 31.2 
66.4 0.583 705 38.7 
74.9 0.609 795 45.6 
84.9 0.640 901 54.3 
94.6 0.665 1003 62.9 
103.8 0.691 1102 71.7 
113.4 0.712 1204 80.7 
122.9 0.734 1302 90.2 
132.3 0.752 1405 99.6 
141.5 0.769 1501 108.8 
150.8 0.786 1601 118.6 
160.5 0.806 1701 129.4 
169.6 0.826 1800 140.0 
179.2 0.840 1902 150.5 
188.5 0.857 2003 161.6 
 
Table -  B-4 Power loss estimation experimental results for DC motor + V-ring lip rotary 
seal + SRT prototype 2 Turbine drag @ 41.37kPa [2 PSI] 
Motor supply 
voltage 
Vin  (Volts) 
Motor supply 
current 
Iin  (Amps) 
Turbine 
speed 
(rpm) 
Estimated power 
Loss (Vin x Iin) 
(watts) 
9.5 1.923 101 18.3 
18.7 1.383 198 25.8 
28.1 1.236 298 34.7 
38.0 1.164 403 44.2 
47.3 1.148 502 54.3 
56.5 1.125 600 63.6 
66.4 1.126 705 74.8 
75.5 1.138 802 86.0 
85.0 1.159 902 98.5 
94.0 1.192 998 112.1 
103.1 1.220 1094 125.7 
112.5 1.255 1194 141.1 
122.8 1.284 1304 157.7 
132.2 1.324 1403 175.0 
141.6 1.363 1503 193.0 
150.7 1.393 1600 210.0 
160.5 1.433 1704 230.0 
169.6 1.459 1800 247.4 
179.0 1.485 1900 265.7 
188.6 1.513 2002 285.4 
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Table -  B-5 Power loss estimation experimental results for DC motor + NMS 
(Mechanical seal) + SRT prototype 2 Turbine drag 
Motor supply 
voltage 
Vin  (Volts) 
Motor supply 
current 
Iin  (Amps) 
Turbine 
speed 
(rpm) 
Estimated power 
Loss (Vin x Iin) 
(watts) 
9.5 0.51 101 4.8 
19.1 0.69 203 13.3 
27.9 0.76 296 21.1 
37.9 0.79 402 29.9 
47.2 0.81 501 38.3 
56.7 0.83 602 46.8 
66.4 0.84 705 55.6 
75.6 0.85 803 64.0 
84.9 0.85 901 72.4 
94.4 0.86 1002 81.1 
103.8 0.87 1102 89.8 
113.1 0.87 1201 98.4 
121.4 0.87 1289 106.1 
132.0 0.88 1401 116.0 
140.8 0.88 1495 124.3 
149.0 0.89 1582 132.0 
160.7 0.89 1706 143.0 
169.7 0.89 1802 151.6 
179.1 0.90 1901 160.5 
188.7 0.90 2003 169.7 
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Appendix C Uncertainty analysis  
 
All scientifically relevant quantities must be assigned an uncertainty, as discussed 
by Manfred Drosg (Drosg, 2007). The uncertainty is a statistical measure of data quality. 
It shows how well the data, i.e., the best estimate, fits the (unknown) true value. 
However, it does not specify the actual deviation between these two values. No data 
value is of any use whatsoever in a scientific context without a statement on its 
uncertainty. 
If a data value y has an (absolute) uncertainty y∆ , we can get the degree of 
exactness by dividing y∆ by y , thus obtaining a dimensionless quantity, the relative (or 
fractional or percentage) uncertainty 
r
σ , (Drosg, 2007) 
yy
r
∆=σ         
 7.1 
The absolute uncertainty y∆  is not suited for comparisons. In the following 
example we can see how the absolute uncertainty cannot be used for comparison, 
In first case the length of a machine part is measured to be 44.89mm ±0.1mm, and 
in second case the distance from a point on the earth’s surface to a certain point on the 
moon’s surface is known to be 384400 km ±0.001 km; both the absolute uncertainties 
cannot compared with each other. Thus, it is obvious that the quality of a measurement is 
not necessarily determined by the absolute uncertainties. 
The total uncertainty F∆ of a result ( ),.....,, 321 xxxFF =  is calculated by adding 
all n  individual (independent) uncertainty components xiF∆  in quadrature according to 
the law of error propagation:(Drosg, 2007)  
( ) ( ) ( ) ( ) ( )22
1
2
3
2
2
2
1 *..... ii
n
i
xxx xxFFFFF ∆∂∂∑=+∆+∆+∆=∆
=
  7.2 
The above uncertainty analysis procedure is applied to all the experimental data 
obtained in this research to estimate the performance and the accompanying uncertainties 
in the results.  
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C.1 Uncertainty analysis of stationary test results 
Table -  C-1 shows the measured results from a stationary test conducted on split 
reaction turbine prototype 1 with mean turbine diameter Ø243mm and total exit nozzle 
area of 0.00144m². The volume flow rate of the water flowing through the turbine is 
equal to the measured water volume (0.2m³) divided by the measured time. The relative 
velocity rV of water jets at both the exit nozzles is equal to the measured volume flow 
rate divided by the total exit nozzle area. Using this velocity and equation 2.38 the value 
of k-factor was calculated. Ideally, the torque produced at the shaft shaftT  should be equal 
to the estimated torque, i.e. product of absolute velocity aV , total mass flow rate 
•
m
 and 
mean turbine radius R as shown is equation 2.10. In this case as the turbine is stationary 
(i.e. 0=ω & 0=∴U ) the absolute velocity aV is equal to the relative velocity rV . 
Further the force LCF  measured by the load cell is equal to the strain indicator reading 
divided by the load cell calibration factor. Therefore, the torque at the shaft is equal to the 
product of the measured force and the torque arm length armL  which is 0.19m. 
Relative uncertainty in measurement of supply pressure with Floyd’s pressure 
gauge is ± 1.0%. Relative uncertainty in measurement of the flow through turbine using 
Omega flow meter is ± 2.0%. Relative uncertainty in measurement of time using a 
standard stop watch is +/-3.0% up to 10sec, there after ±1.5%. Relative uncertainty in 
measurement of static force using Dana Load Cell 20kgf is ±1%. Based on this 
information the relative uncertainty of estimated torque and measured is calculated and is 
shown in Table - C-6 and Table - C-7. 
The uncertainty analysis of the experimental data from stationary test shows that 
the estimated torque has an relative uncertainty of ±4.41% (see Table - C-6) and the 
measured torque has an relative uncertainty of ±1.13% (see Table - C-7). This shows that 
the experimental producer used has a good level of confidence.  
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Table - C-2 Uncertainty in the volume flow rate estimation for SRT prototype 1 
Absolute 
uncertainty  
Absolute 
uncertainty  
Absolute 
uncertainty  
Relative 
uncertainty 
± 2% ± 1.5% ± ∆Vdot ± ∆Vdot / Vdot 
∆V (m³) ∆t (sec)  (m³/s)  
0.004 0.474 0.000158 2.50% 
0.004 0.388 0.000193 2.50% 
0.004 0.337 0.000223 2.50% 
0.004 0.302 0.000248 2.50% 
0.004 0.277 0.000271 2.50% 
0.004 0.257 0.000292 2.50% 
0.004 0.241 0.000311 2.50% 
0.004 0.228 0.000329 2.50% 
0.004 0.217 0.000346 2.50% 
0.004 0.207 0.000362 2.50% 
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Table - C-3 Uncertainty in the mass flow 
rate estimation for SRT prototype 1 
Absolute 
uncertainty  
Relative 
uncertainty 
± ∆mdot  ± ∆mdot / mdot  
 (kg/s)  
0.158 2.50% 
0.193 2.50% 
0.223 2.50% 
0.248 2.50% 
0.271 2.50% 
0.292 2.50% 
0.311 2.50% 
0.329 2.50% 
0.346 2.50% 
0.362 2.50% 
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Exit nozzle length = 120±0.3mm 
Width of each exit nozzle = 6±0.15mm 
Total width of exit nozzle = 12±0.3mm 
Table - C-4 Uncertainty in the exit nozzle area estimation of SRT prototype 1 
Absolute 
uncertainty  
Relative 
uncertainty 
Area (m²) ± ∆A/A  
±  ∆A  
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
3.618E-05 2.51% 
-----------------------------------------------------------------------------------------------------------
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Table - C-5 Uncertainty in the exit velocity estimation for SRT prototype 1 
Absolute 
uncertainty  
Relative 
uncertainty 
 Velocity  
±  ∆v ± ∆v/v 
(m/s)  
0.156 3.54% 
0.190 3.54% 
0.219 3.54% 
0.244 3.54% 
0.267 3.54% 
0.287 3.54% 
0.306 3.54% 
0.324 3.54% 
0.340 3.54% 
0.356 3.54% 
 192 
RvmT aestimated **
•
=    
 
vvvU
ra ==⇒∴== ;0;0ω   
 
RvmTestimated **
•
=  
 
•
•
∂= mRv
m
Testimated **
δ
δ
  
 
vRm
v
Testimated ∂=
•
**δ
δ
  
Rvm
R
Testimated ∂=
•
**δ
δ
 
estimatedestimated
estimated
T
RmvvRmmRv
T
T
222
****** 




 ∆+




 ∆+




 ∆
=
∆
•••
  
Table - C-6 Uncertainty in the estimated torque for SRT prototype 1 
 Absolute 
uncertainty 
Absolute 
uncertainty  
Relative 
uncertainty 
Radius  
121.5±1mm 
Estimated  
torque 
Estimated  
torque 
∆R 
(m) 
∆Test  
(Nm) 
± 
∆ Test / Test  
0.001 0.149 4.41% 
0.001 0.223 4.41% 
0.001 0.295 4.41% 
0.001 0.367 4.41% 
0.001 0.438 4.41% 
0.001 0.508 4.41% 
0.001 0.577 4.41% 
0.001 0.645 4.41% 
0.001 0.713 4.41% 
0.001 0.779 4.41% 
------------------------------------------------------------------------------------------------------------ 
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Table - C-7 Uncertainty in the shaft torque estimation for SRT prototype 1 
Absolute 
uncertainty  
Absolute 
uncertainty  
Relative 
uncertainty 
 Measured  
Force 
 Torque arm 
length 
(190±1mm)  
 Measured 
shaft torque 
± ∆FLC 
(N) 
± ∆Larm 
(m) ±  ∆Tsh /Tsh 
0.17 0.0010 1.13% 
0.25 0.0010 1.13% 
0.33 0.0010 1.13% 
0.41 0.0010 1.13% 
0.48 0.0010 1.13% 
0.57 0.0010 1.13% 
0.64 0.0010 1.13% 
0.73 0.0010 1.13% 
0.82 0.0010 1.13% 
0.89 0.0010 1.13% 
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C.2 Uncertainty analysis of power loss test results 
Table - C-12 shows measured and estimated quantities from a power test 
conducted on SRT prototype 1 with V-ring lip. The total power loss is estimated as 
product of supply voltage and supply current. Where as the torque loss is estimated by 
dividing the power loss by the angular speed of the turbine; the uncertainty in the 
estimation of torque loss is based on this definition and is predicted using the 
instrumental uncertainties in the basic measured data.  
Table - C-12 Measured and estimated quantities from power loss test of SRT prototype1 
with V-ring seal 
Therefore by partially differentiating the torque loss equation to solve for the 
relative uncertainty in 
loss
loss
T
T∆
 following equation is derived, 
DC motor + Turbine drag + V-ring lip @ 50kPa 
(Measured) (Estimated) 
Supply 
Voltage 
V (Volt) 
Supply Current 
I (Amp) 
Turbine 
Speed 
(rpm) 
Angular 
speed 
ω 
(rad/sec) 
Power 
Loss 
V*I (Watt) 
Torque Loss 
ω
IVTloss *=  
(Nm) 
9.5 4.01 101 10.57 38.2 3.784 
18.7 2.62 198 20.72 48.9 2.360 
28.1 2.18 298 31.19 61.2 1.962 
38.0 1.92 403 42.18 72.9 1.780 
47.3 1.81 502 52.54 85.6 1.629 
56.5 1.76 600 62.80 99.7 1.588 
66.4 1.74 705 73.79 115.9 1.552 
75.5 1.76 802 83.94 132.7 1.551 
85.0 1.77 902 94.41 150.2 1.573 
94.0 1.79 998 104.46 168.6 1.614 
103.1 1.82 1094 114.51 187.8 1.652 
112.5 1.86 1194 124.97 209.2 1.674 
122.8 1.90 1304 136.49 232.8 1.706 
132.2 1.91 1403 146.85 252.8 1.722 
141.6 1.94 1503 157.31 274.6 1.746 
150.7 1.96 1600 167.47 294.7 1.760 
160.5 1.99 1704 178.35 319.1 1.789 
169.6 2.01 1800 188.40 340.9 1.809 
179.0 2.03 1900 198.87 363.1 1.832 
188.6 2.05 2002 209.54 386.7 1.845 
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lossloss
loss
T
IVVIIV
T
T
2
2
22





 ∆×−+




 ∆+




 ∆
=
∆
ω
ωωω
  
Relative uncertainty in measurement of rotational speed using Yokogawa 
tachometer Model 3632 is ±1rpm up to 2000rpm. Relative uncertainty in measurement of 
voltage output using a standard multi-meter is ±1.50%. Relative uncertainty in 
measurement of current output using a standard multi-meter is ±2.50 %. Based on this 
information and the above equation the relative uncertainty of loss torque is calculated 
and is shown in Table - C-13.  
Table - C-13 Uncertainty analysis of the torque loss 
V∆  
Absolute 
uncertainty of 
supply 
voltage 
I∆  
Absolute 
uncertainty of 
supply 
current 
ω∆  
Absolute 
uncertainty 
of angular 
speed 
lossT∆  
Absolute 
uncertainty 
of loss 
torque 
loss
loss
T
T∆
 
Relative 
uncertainty 
of loss 
torque 
0.143 0.100 0.009904 0.105329 2.92% 
0.280 0.066 0.005052 0.068795 2.92% 
0.421 0.055 0.003357 0.057206 2.92% 
0.569 0.048 0.002482 0.050416 2.92% 
0.709 0.045 0.001993 0.047498 2.92% 
0.848 0.044 0.001667 0.046286 2.92% 
0.996 0.044 0.001419 0.045784 2.92% 
1.133 0.044 0.001247 0.046092 2.92% 
1.275 0.044 0.001109 0.046375 2.92% 
1.410 0.045 0.001002 0.047057 2.92% 
1.546 0.046 0.000914 0.047825 2.92% 
1.687 0.046 0.000838 0.048804 2.92% 
1.843 0.047 0.000767 0.049729 2.92% 
1.982 0.048 0.000713 0.05019 2.92% 
2.124 0.048 0.000666 0.050891 2.92% 
2.261 0.049 0.000625 0.051305 2.92% 
2.408 0.050 0.000587 0.052162 2.92% 
2.543 0.050 0.000556 0.052754 2.92% 
2.685 0.051 0.000526 0.053232 2.92% 
2.829 0.051 0.000500 0.053804 2.92% 
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C.3 Uncertainty analysis of power test results 
Table - C-14 and Table - C-15 shows the measured results from a power test 
conducted on SRT prototype1 with mean turbine diameter Ø243mm and total exit nozzle 
area of 0.00144m². The volume flow rate (m³/s) of the water flowing through the turbine 
is equal to the measured water volume (0.4m³) divided by the measured time. The 
electrical power output is calculated as a product of generator output voltage and current. 
The hydro power input is calculated as a product of mass flow rate times gravitational 
acceleration times the supply head, i.e. ghm
•
. The electrical efficiency is calculated as the 
percentage ratio of electrical output power divided by the hydro input power.  
The generator torque (i.e. shaft torque) is the actual torque produced by the 
turbine. It is the sum of electrical torque plus the torque loss (i.e. DC motor/generator + 
turbine air drag + rotary seal friction). It is calculated as discussed in section 4.5 of 
Chapter 4. lossgtg TIKT += * , Here tK  is the DC generator torque constant and 
ω
loss
loss
WT
•
=  is the torque loss estimated from the power loss experiments as discussed in 
section 4.5 and 4.6 of Chapter 4 and section C.2 of Appendix C. From the generator 
torque the turbine power TW
•
 is calculated as ω*gT .  
The relative velocity rV of water jets at both the exit nozzles is equal to the 
measured volume flow rate (m³/s) divided by the total exit nozzle area (0.00144m²). 
Linear velocity of the nozzleU  is calculated as a product of rotor radius and angular 
speed. Absolute velocity of the water jet is calculated as difference between the relative 
velocity of water jet and the linear velocity of the turbine i.e. UVr − . Using the relative 
velocity value and equation 2.38 (see Chapter 2) the value of k-factor is calculated. The 
fluid frictional power loss FfW
•
 is calculated as 




 • 2
2
1
rkVm , and the power loss in the 
kinetic energy leaving the turbine with exiting water jet KeW
•
 is calculated as 




 • 2
2
1
aVm . 
The total output power is calculated as KeFfTOut WWWW
••••
++= .  
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For the uncertainty analysis of the quantities estimated from the data collected in 
the power test, the instrumental relative uncertainties are used. Relative uncertainty in 
measurement of supply pressure with Floyd’s pressure gauge is ±1.0%. Relative 
uncertainty in measurement of the water flow through turbine using Omega flow meter is 
± 2.0%. Relative uncertainty in measurement of time using a standard stop watch is +/-
3.0% up to 10sec and there after ±1.5%. Relative uncertainty in measurement of 
rotational speed using Yokogawa tachometer Model 3632 is ±1rpm up to 2000rpm. 
Relative uncertainty in measurement of voltage output using a standard multi-meter is 
±1.50%. Relative uncertainty in measurement of current output using a standard multi-
meter is ±2.50 %. 
Further the relative uncertainty in the torque loss estimation is calculated in 
section C.2 of Appendix C which is used as a basis to do further uncertainty analysis in 
this section. The relative uncertainty of torque loss is calculated as ±2.92% (see Table - 
C-13, Appendix C).  
The relative manufacturing uncertainty in the total exit nozzle area is considered 
as ±1% (i.e. for a total exit nozzle area of 1440mm², the manufacturing uncertainty of 
14.4 mm²). The relative manufacturing uncertainty in the turbine mean radius is 
considered to be ±0.08% (i.e. for a turbine mean radius of 121.5mm the manufacturing 
uncertainty of ±0.1mm). 
KeFfTOut WWWW
••••
++=  The relative uncertainty in the estimation of the total 
output power OutW
•
 is calculated as maximum ±5.02% (see Table - C-17). The relative 
uncertainty in the estimation of the hydro input power InW
•
 is calculated as ±2.70% (see 
Table - C-17). From these calculated quantities of the relative uncertainties it is 
confirmed that the experimental procedures used for conducting the performance power 
test on the simple reaction turbines in this research have very high level of confidence.  
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Following equations are used to calculate the absolute uncertainties in Table - C-16,  
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Following equations are used to calculate the absolute and relative uncertainties in Table - 
C-17,  
 
( ) ( )22 ** ggggE VIIVW ∆+∆=∆ • ;  
)%(92.2 lossloss TT ±=∆ , here ±2.92% is taken from the previous analysis discussed in 
section C.2 of Appendix C;  
( ) ( )22 lossgtg TIKT ∆+∆=∆ ;  
( ) ( )22 ωω ∆×+∆×=∆ • ggT TTW ;  
222
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Appendix D Potential site survey  
D.1 Potential sites  
Table -  D-1 List of other potential sites in Victoria, Australia (Survey results) 
 
 
D.2 Additional information on case study  
 
Figure - D.1 Performance curves of selected D.C. generator (Site1: Taggerty) 
 209 
Table -  D-2 Price list of PVC pipes 
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Appendix E Test Rig Instrumentation  
 
E.1 Additional information on instrumentation  
 
Figure - E.1 Data Sheet for the DC motor/generator used in the turbine test rig 
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Figure - E.3 Data sheet and performance curves for water flow meter used in the turbine 
test rig 
 213 
 
Figure - E.4 Performance data sheet for water pump used in the turbine test rig 
 214 
 
Figure - E.5 Performance curves for water pump used in the turbine test rig 
 
 215 
 
Figure - E.6 Dimensions and weight of the water pump used in the turbine test rig 
 216 
 
Figure - E.7 Data sheet for the tachometer used in the turbine testing  
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Figure - E.8 General information of Busak+Shamban V-ring lip seal  
 218 
 
Figure - E.9 Operating temperature and sealing fluid information for Busak+Shamban 
V-ring lip seal 
 219 
 
Figure - E.10 Information of counter surface material and finish for V-ring lip seal 
 220 
 
Figure - E.11 Installation guide for V-ring lip seal 
 221 
 
Figure - E.12 Installation guide and power loss factors for V-ring lip seal 
 
 222 
 
Figure - E.13 V-ring seal dimensions and part numbers  
 
 223 
 
Figure - E.14 V-ring seal dimensions and part numbers 
 224 
Appendix F  
F.1 Theoratical analysis of turbine jet-interference  
 
Figure - F.1 Interference of rotor and jet 
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